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6:30  pm-SKW  pm  REGISTRATION 


OeANZA  III 

6:30  pm-8:00  pm  INFORMAL  RECEPTION 


THURSDAY,  SEPTEMBER  26, 1991 


PORTOLA  LOBBY 

7:30  am-6.-00  pm  REGISTRATION/SPEAKER  £ 
PRESIDER  CHECK-IN 


DeANZA  III 

8:30  am-10:30  am 

ThA,  SPECTRAL  DIFFUSION:  OBSERVABLES  AND 
DYNAMICS 

D.  L.  Huber,  University  of  Wisconsin,  Presider 

8:30  am  (InvHed) 

ThA1  Spiral  diffusion  of  optical  transitions  in  doped 
polymer  glasses  below  1  K,  0.  Haarer,  K.-P.  Muller,  U.  Bay¬ 
reuth,  F.fl.G.  We  have  performed  optical  hole-burning  experi¬ 
ments  in  the  temperature  range  between  25  and  500  mK  and 
found  a  linear  temperature  law  which  we  ascribe  to  spectral 
diffusion.  Implications  to  the  theory  of  TLS  are  discussed. 
(P-2) 

9d)0  am  (Invited) 

ThA2  Time  depeiKlent  hole-burning  and  optical  coherence 
experiments  as  probes  of  spectral  diffusion  in  low  tempera¬ 
ture  glasses,  Michael  D.  Payer,  Stanford  U.  Time  dependent 
hole-burning  experiments  (10  ;isec  to  10,000  sec)  and  photon 
echo  and  stimulated  echo  experiments  performed  on  chro- 
mophores  in  low  temperature  glasses  are  used  to  investigate 
spectral  diffusion,  (p.  6) 

9:30  am 

ThA3  Frequency  dependence  of  IR  radiatiorvlnduced  spec¬ 
tral  diffusion  in  hoie^mlng  systems,  W.  Richter,  U.  Bay¬ 
reuth,  F.R.G.  Spectral  width  and  area  of  persistent  photo¬ 
chemical  holes  in  polymeric  matrices  show  different  light-in¬ 
duced  spectral  diffusion  behavior  depending  on  the  fre¬ 
quency  of  the  infrared  light,  (p.  10) 

9:45  am 

ThA4  Time-resolved  hoie-buming  in  YLiF,:Er^‘  with  Zeeman 
scanning,  Y.  P.  Wang,  R.  S.  Meltzer,  U.  Georgia;  R.  Wanne- 
macher,  R.  M.  Macfarlane,  IBM  Almaden  Research  Center. 
The  observed  spectral  diffusion  is  modeled  with  a  computer 
simulation  that  includes  the  dynamics  of  a  frozen  core  of  F 
nuclear  spins,  (p.  12) 


THURSDAY,  SEPTEMBER  26, 1991— Conf/nt/ec/ 


101X)  am 

ThA5  Photon  echo  and  lime-resolved  fluorescence  aniso¬ 
tropy  measurements  of  organically  doped  solgel  glasses. 

Drew  M.  L'Esperance,  Robert  A.  Crowell,  Eric  L.  Chronister, 
UC-Riverside.  We  present  time  resolved  measurements  of 
homogeneous  dephasing  of  organic  dopants  in  inorganic 
solgel  glasses.  Organically  doped  solgel  glasses  have  been 
synthesized  and  their  dynamics  investigated,  (p.  15) 

10:15  am 

ThA6  Ultrafast  dephasing  of  resorutin  in  0-ethanol  glass 
from  1.8  to  35  K  studied  by  incoherent  photon  echo,  N.  V 

Gruzdev  and  Yu.  G.  Vainer,  Institute  of  Spectroscopy  of  the 
Academy  of  Sciences  U.S.S.R.  The  T-dependence  of  the  op¬ 
tical  dephasing  in  doped  organic  glass  was  measured  by  in¬ 
coherent  photon  echoes.  The  difference  between  picose¬ 
cond  and  incoherent  photon  echoes  results  was  obtained. 

(p.  18) 


PORTOLA  LOBBY 

10:30  am-1 1 :00  am  COFFEE  BREAK 


DeANZA  III 

11D0  am-12K)0  m 

ThB,  OPTICAL  PROCESSING  AND  HOLOGRAPHY:  1 

Masaharu  Mitsunaga,  NTT  Basic  Research  Laboratories, 
Japan,  Presider 

11:00  am  (Invited) 

ThBI  Error-corrective  recall  of  digital  optical  images  in 
neural  networic  models  by  photobuming  of  spectral  holes. 

Karl  K.  Rebane,  Olavi  Ollikainen,  Estonian  Academy  of  Sci¬ 
ences,  U.S.S.R.;  Alexander  Rebane,  Swiss  Federal  Institute 
of  Technology.  We  discuss  the  concept  and  present  experi¬ 
mental  implementation  of  hole-burning  memory  coded  as 
2-D  end  4-D  parallel  digital  autoassociative  interconnections 
matrices  which  has  error-correcting  capability,  (p.  24) 

11:30  am 

ThB2  Persistent  spectral  hole-burning  uses  for  massive  op¬ 
tical  neural  network  computers,  Philip  D.  Henshaw,  Steven 
A.  Lis,  SPARTA,  Inc.  Persistent  spectral  hole-burning  ma¬ 
terials  can  be  utilized  for  optical  interconnections.  Our  de¬ 
vice  uses  the  additional  dimension  of  wavelength  to  fully 
connect  two  2-D  planes,  (p.  28) 

11:45  am 

ThB3  Time-and-space-domain  holography  and  shaping  of 
light  pulses  by  spectral  hole-burning  filters;  new  develop¬ 
ments,  Rein  Kaarli,  Peeter  Saari,  Heiki  Sonajaig,  Estonian 
Academy  of  Sciences,  U.S.S.R.  Time-domain  interference  of 
accumulated  photon  echoes,  its  use  in  time-domain  hol¬ 
ography,  and  problems  of  pulse  shaping  via  temporal  filters 
are  investigated  theoretically  and  experimentally,  (p.  32) 

12fl0  m-1:30  pm  LUNCH  BREAK  (on  your  own) 
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OeANZA  III 

1:30  pin-3:00  pm 

ThC,  OPTICAL  PROCESSING  AND  HOLOGRAPHY:  2 

Michael  Jefferson,  IBM  Almaden  Research  Center,  Presider 

1:30  pm  (Invned) 

ThCI  Molecular  computing,  Urs  P.  Wild,  Alois  Renn,  Swiss 
Federal  Institute  of  Technology.  The  concept  of  molecular 
computing  is  based  on  spectral  hole-burning,  the  shift  of  mo¬ 
lecular  energy  levels  in  an  electric  field,  and  on  holography. 
The  spectroscopic  properties  of  dye  molecules  in  a  polymer 
film  enable  data  storage  as  well  as  data  processing  in  a 
single  system,  (p.  38) 

2:00  pm  (Invited) 

ThC2  Holograms  in  time  and  space:  Imaging  through  a 
scattering  medium,  Alexander  Rebane,  Swiss  Federal  In¬ 
stitute  of  Technology;  J.  Feinberg,  U.  Southern  California. 
We  demonstrate  imaging  through  an  opaque  screen  using 
temporal  holography  in  a  persistent  spectral  hole-burning 
medium,  (p.42) 

2:30  pm 

ThC3  Holographic  optical  data  storage  of  2000  images  by 
photochemical  hole-burning,  Bern  Kohler,  Stefan  Bernet, 
Alois  Renn,  Urs  P.  Wild,  Swiss  Federal  Institute  of  Tech¬ 
nology.  High-density  holographic  storage  of  2000  grayscale 
images  has  been  performed  in  a  polymer  thin  film  using  a 
novel  frequency-domain  spectral  hole-burning  technique. 
(P-46) 

2:45  pm 

ThC4  Holography  in  frequency  selective  media:  hologram 
phase  and  causality,  Stefan  Bernet,  Bern  Kohler,  Alexander 
Rebane,  Alois  Renn,  Urs  P.  Wild,  Swiss  Federal  Institute  of 
Technology.  Diffraction  properties  of  holograms  stored  in 
persistent  spectral  hole-burning  media  are  shown  to  be  di¬ 
rectly  related  to  causality  principles  and  are  studied  experi¬ 
mentally  by  using  a  frequency-tunable  narrowband  laser. 
(p.S0) 


PORTOLA  LOBBY 

3K)0  pm-3:30  pm  COFFEE  BREAK 


DeANZA  III 

3:30  pm-S:30  pm 
ThD,  EXTERNAL  FIELDS 

Gary  Scott,  University  of  California,  Riverside,  Presider 

3:30  pm  (Invited) 

ThDI  Applications  of  electric  field  effects  on  persistent 
spectral  holes,  Max  Maier,  U.  Regensburg,  F.R.G.  Basic  prin¬ 
ciples  and  applications  of  the  effects  of  an  electric  field  on 
spectral  holes  of  dye  molecules  in  crystalline  and  disordered 
solids  are  discussed,  including  optical  data  storage,  modula¬ 
tion  and  pulse  forming  of  laser  beams,  and  hybrid  optical  bi¬ 
stability.  (p.  58) 


4:00  pm  (Invited) 

ThD2  Hole-burning  and  external-field  effects:  principles,  re¬ 
cent  results  and  new  systems  (superfine  films),  R.  I.  Per- 
sonov.  Institute  of  Spectroscopy  of  the  Academy  of  Sci¬ 
ences,  U.S.S.R.  Recent  results  on  Stark  and  Zeeman  effects 
in  organic  molecules  in  amorphous  solids  studied  by  the 
hole-burning  method  are  reviewed.  The  latest  results  for 
Langmuir-Blodgett  films  are  discussed,  (p.  60) 

4:30  pm 

ThD3  Stark  splitting  in  mixed  crystais:  octatetraene  in 
n-alkanes,  Gerhard  GradI,  Bryan  E.  Kohler,  Curtis  Wester- 
field,  U.  California-Riverside.  We  have  studied  the  effects  of 
externally  applied  electric  fields  on  narrow  photochemical 
holes  that  can  be  burned  in  the  zero-phonon  component  of 
the  0—0  transition  of  octatetraene  substituted  in  various 
n-alkane  crystals,  (p.  62) 

4:45  pm 

ThD4  Electric-field  effects  on  hole  spectra  in  doped  poly¬ 
mers:  a  step  toward  2-D  optical  spectroscopy,  L.  Kador,  U. 
Bayreuth,  F.R.G.  The  linear  Stark  effect  of  hole  spectra  de¬ 
pends  on  the  position  in  the  inhomogeneous  absorption 
band.  This  yields  additional  information  on  the  dye-matrix 
interaction.  (p.  65) 

5:(X)  pm  (Invited) 

ThD5  Spiral  holes  under  pressure:  proteins  and  glasses, 

J.  Friedrich,  J.  Zollfrank,  U.  Mainz,  F.R.G.  Pressure  tuning  of 
spectral  holes  enables  the  determination  of  solvent  shift  and 
compressibility.  Its  use  with  proteins  allows  an  estimation  of 
their  volume  fluctuations.  (p.68) 


DeANZA  III 

5:30  pm>7:00  pm 
ThE,  POSTER  SESSION:  1 

ThEI  Correlation  between  the  relative  zeroi>honon  elec¬ 
tronic  transition  probabilities  (Debye-Waller  factors)  and  the 
matrix-induced  spectral  shifts  of  molecular  impurity  centers 
doped  into  amorphous  hosts,  I.  Renge,  Estonian  Academy  of 
Sciences.  U.S.S.R.  Weak  electron-phonon  coupling  of  por¬ 
phyrins  is  correlated  with  the  small  solvent  shifts  (<200 
cm  ').  Systems  with  solvent  shifts  >2200  cm  l  are  not 
suitable  for  hole  burning,  (p.  74) 

ThE2  Persistent  hoie-buming  study  of  core  antenna  of 
photosystem  li,  M.  Vacha,  F.  Adamec,  M.  Ambroz,  J.  Dian.  J. 
Hala,  Charles  U..  Czechoslovakia:  L.  Nedbal,  CSAY  Institute 
of  Microbiology.  Czechoslovakia.  The  role  of  the  protein  en¬ 
vironment  and  the  efficiency  of  excitation  energy  transfer  in 
photosystem  II  core  antenna  in  glass  and  polymer  hosts  are 
compared,  (p.  78) 


VI 
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ThE3  Hote-buming  in  the  organic  triplet  state:  side  holes  in 

an  amorphous  glass,  Hans  Riesen,  Elmars  Krausz,  Austra¬ 
lian  National  University.  Structured  persistent  holes  are 
burned  in  the  triplet  phosphoresent  state  of  organic  mole¬ 
cules,  both  free  and,  we  believe  for  the  first  time,  as  ligands 
in  inorganic  complexes,  (p.  82) 

ThE4  Spectral  hole-buming;  dynamic  approach  to  spectral 
diffusion,  I.  S.  Osadko,  Lenin  State  Pedagogical  U.,  U.S.S.R. 
The  spectral  diffusion  problem  is  analyzed  within  the  scope 
of  a  dynamic  approach.  It  yields  results  that  differ  from 
those  obtained  with  a  stochastic  approach,  (p.  86) 

ThES  Hole-buming  optical  magnetic  resonance  imaging, 

Stephan  Schiller,  R.  L.  Byer,  Stanford  U.  A  theoretical  study 
of  spatial  imaging  of  rare  earth  ions  by  projection  recon¬ 
struction  using  transient  hole-burning  spectroscopy  in  mag¬ 
netic  field  is  presented,  (p.  90) 

ThE6  Photon-gated  photochemical  hoie-buming  in  a  zinc- 
tetraberuoporphyrin/aromatic  cyanide  system.  Lizeng  Zhao. 
Zhengzhong  Lu,  Xiulang  Zhang,  Dongxiang  Zhang,  Xin  Mi, 
Yuxin  Ni,  Duoyuan  Wang,  Lingzhi  Hu,  Huizhu  He,  Jie  Xie. 
Junyi  Zhang,  Academy  of  Sciences  of  China.  Photon-gated 
persistent  spectral  hole-burning  was  performed  for  zinc-tet- 
rabenzoporphyrin  molecules  in  the  presence  of  aromatic  cy¬ 
anide  in  a  poly(methyl  methacrylate)  host  matrix  at  4.2  K. 
(p.94) 

ThE7  Preparation  and  properties  of  solgel  thin  films  with 

porphines,  Hiroyuki  Inoue.  Takashi  Iwamoto,  Akio 
Makishima,  Makoto  Ikemoto,  Kazuyuki  Horie,  U.  Tokyo, 
Japan.  Amorphous  silica  films  doped  with  the  porphine 
derivative  were  prepared  by  the  solgel  method  and  used  for 
photochemical  hole  burning.  It  was  found  that  the  por¬ 
phyrins  in  the  films  could  be  heat-treated  up  to  200  “C. 
<p.98) 

ThES  Optimized  readfwrite  conditions  of  PHB  memory, 

Norio  Murase,  Hitachi,  Ltd.,  Japan,  Kazuyuki  Horie,  U.  Tokyo. 
Japan.  Photochemical  hole-burning  memory  is  proved  theo¬ 
retically  to  have  the  potential  ability  to  achieve  both  high 
recording  density  and  high  speed  readout  in  optimized 
read/write  conditions,  (p.  102) 

ThE9  Hole  multiplexing  in  quinone  derivative  photochemi¬ 
cal  hole-burning  systems,  Motomu  Yoshimura,  Tetsuya 
Nishimura,  Eiji  Yagyu,  Noriaki  Tsukada,  Tetsu  Takeyama, 
Mitsubishi  Eiectric  Corp.,  Japan.  We  have  been  investigating 
the  holeburning  reaction  of  quinone  derivatives  to  elucidate 
the  effects  on  hole  multiplexing,  hole  formation  wavelength 
range,  and  electric-field  effect,  (p.  106) 

ThElO  Antihole  formation  in  intramolecuiar  tunnel  sys¬ 
tems,  G.  GradI,  A.  Feis,  J.  Friedrich,  Johannes  Gutenberg  U. 
Mainz.  F.R.G.  Holeburning  in  dimethyl-s-tetrazine  doped 
n-octane  leads  to  very  sharp  perfectly  Lorentzian  antiholes 
from  which  the  rotational  tunnel  splitting  of  the  methyl  group 
can  be  determined,  (p.  110) 


ThEII  Subnanosecond  timeresolved  study  of  accumulat¬ 
ed  photon  echoes  in  chiorin-doped  polymer  films  at  1  K,  Han- 
sruedi  Gygax,  Ekkehard  Gorlach,  Alexander  Rebane.  Urs  P. 
Wild,  Swiss  Federai  institute  of  Technology.  Photochemi- 
cally  accumulated  photon  echoes  can  be  detected  over  more 
than  5  orders  of  magnitude  with  a  time  resolution  of  40  ps 
using  time-correlated  single  photon  counting,  (p.  114) 

ThE12  Spectral  hole-buming  between  2  K  and  room  tem¬ 
perature  in  Sm^'  doped  substitutionally  disordered  micro¬ 
crystals,  Keith  Holliday,  Changjiang  Wei,  Mauro  Croci.  Urs  P. 
Wild,  Swiss  Federal  institute  of  Technology.  Photochemical 
hole-burning  has  been  investigated  in  Sm’‘  doped  crystalline 
powders  of  the  form  M^M.\_xFCIo5BrQ^  (M  =  group  II  ion) 
between  2  K  and  room  temperature,  (p.  118) 

ThE13  Optical  filter  based  on  spectral  hole-buming  in  dye- 
doped  amorphous  solids,  R.  Billmers.  J.  Davis,  M.  Squic- 
ciarini,  U.S.  Naval  Air  Development  Center.  The  triplet  trap¬ 
ping  mechanism  responsible  for  hole-burning  is  investigated 
in  several  dye/host  combinations.  Rhodamine  6G  seems  to 
be  a  possible  filter  candidate  to  match  doubled  Nd:YAG  at 
532  nm.  (p.  122) 

ThE14  Hole-buming  of  the  excKon-coupled  antenna  com¬ 
plex  of  Rhodobacter  sphaeroides,  N.  R.  S.  Reddy,  G.  J.  Small. 
Iowa  State  U.  Nonphotochemical  hole-burned  spectra  of  the 
two  protein-pigment  complexes  of  Rb.  sphaeroides  were  ob¬ 
tained  and  used  to  provide  new  insights  on  excitonic  inter¬ 
actions  and  the  temperature  dependence  of  energy  transfer, 
(p.  125) 

ThEIS  Free  volume  model  of  thermally  induced  spectral 
diffusion,  Jun  Tsuchiya,  Jun-ichi  Takahashi,  Hiroshi  Tanaka, 
Idemitsu  Kosan  Co..  Ltd.,  Japan.  We  report  thermally  induc¬ 
ed  spectral  diffusion  (TISD)  results  of  some  dye/polymer 
systems  and  correlation  between  TISD  and  polymer  proper¬ 
ties.  (p.  129) 
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PORTOLA  LOBBY 

7:30  am-6:00  pm  REGISTRATION/SPEAKER  & 
PRESIOER  CHECK-IN 


DeANZA  III 

8:30  am-10:30  am 

FA,  HIGH  TEMPERATURE  AND  PHOTON  GATING 

A.  J.  Sievers,  Cornell  University.  Presider 

8:30  am  (Invited) 

FA1  Room  temperature  persistent  spectral  hole-burning 
using  dielectric  particles  as  photonic  atoms,  Steve  Arnold. 
Polytechnic  U.  NY.  We  show  both  theoretically  and 
experimentally  that  a  2-D  collection  of  fluorescent  spherical 
microparticles  acts  as  a  persistent  spectral  hole-burning 
memory  at  room  temperature,  (p.  134) 

9:00  am 

FA2  Room  temperature  persistent  spectral  hole-burning  in 
distributions  of  optical  cavities:  a  simple  Fabry-Perot  model, 

Dee  W.  Pack,  Aerospace  Corp.:  Steve  Arnold,  Polytechnic  U 
NY.  A  theory  of  room  temperature,  persistent  spectral  hole¬ 
burning  in  distributions  of  optical  cavities  doped  with 
photoreactive  molecules  is  discussed.  Cavity  Q  factors  and 
size  distributions  determine  the  detailed  hole  shapes,  (p.  138) 

9:15  am 

FA3  Inhomogeneous  broadening  and  persistent  spectral 
hole-burning  of  divalent  samarium  ions  in  alkaline  earth 
metal  halides,  Jiahua  Zhang,  Shihua  Huang,  Jiaqi  Yu, 
Changchung  Instituix.  of  Physics  of  ffie  Academy  of  Sci¬ 
ences.  China:  Xiangjun  Wang,  Tianiin  Institute  of 
Technology.  China.  A  more  broadened  inhomogeneous  line 
and  hole-burning  was  obsenred  in  a  mixture  at  77  K,  The  ratio 
of  inhomogeneous  to  homogeneous  linewidth  reaches  130. 
(P-  142) 

9:30  am 

FA4  Room  temperature  persistent  spectral  hole-burning  in 
Sm*':SrFCIo.5Bro,5,  R.  Jaaniso.  H.  Bill,  U.  Geneva, 
Switzerland.  Two-photon  reversible  hole-burning  is  observed 
at  296  K  in  and  ’Do— 'Fo  transitions  of  Sm'"  ions  in 

the  partially  disordered  SrFCIojBros  single  crystals  showing 
ratio  of  a  inhomogeneous  and  homogeneous  linewidths  of 
20-25.  (p.  146) 

9:45  am 

FAS  Suppression  of  dephasing  by  deuteration  of  amor¬ 
phous  host  materials:  porphyrin-doped  polymers,  Kazuaki 
Sakoda.  Masayuki  Maeda.  Toray  Industries.  Inc.,  Japan. 
Photochemical  holes  burned  in  porphyrin-doped  deuterated 
polyvinylalcohol  below  -  80  K  are  shown  to  be  narrower  than 
those  in  protonated  polyvinvylalcohol  by  30-50%.  (p.  150) 


10KX)  am 

FAS  Photon-gated  photochemical  hole  burning  by  two- 
color-sensitized  photoreaction,  Kazuyuki  Horie,  Shinjiro  Ma¬ 
chida,  Takashi  Yamashita,  U.  Tokyo,  Japan.  A  new  type  of 
photon-gated  photochemical  hole  burning  by  a  two-color- 
sensitized  photoreaction  is  provided  with  zinc-tetratolyltetra- 
benzoporphine  in  glicidyl  azide  polymer  with  a  gating  ratio  of 
>500.  (p.  154) 

10:15  am 

FA7  Persistent  photon-gated  spectral  hole-burning  in  a 
new  donor-acceptor  electron  transfer  system,  Mingahen 
Tian,  Baozhu  Luo,  Wenlian  Li,  Shihua  Huang,  Jiaqi  Yu, 
Changchun  Institute  of  Physics  of  the  Academy  of  Sciences 
of  China.  Photon-gated  spectral  hole-burning  in  a  new 
donor-acceptor  electron  transfer  system  composed  of 
me.al-tetrabenzoporphyrin  derivatives  (donors)  and  a  solid 
acceptor  is  reported,  (p.  158) 


PORTOLA  LOBBY 

10:30  am-10:45  am  COFFEE  BREAK 


DeANZA  Ml 

10:45  am-12:30  pm 
FB,  TIME  DOMAIN 

W.  M.  Yen,  University  of  Georgia,  Presider 

10:45  am  (Invited) 

FBI  Temporal  accessing  of  frequency-domain  optical  stor¬ 
age:  specific  approaches  and  general  considerations, 

Thomas  W.  Mossberg,  U.  Oregon.  The  basic  principles  of 
temporal  access  to  frequency-domain  optical  storage  are 
discussed.  Comparison  and  contrasts  with  approaches  em¬ 
ploying  direct  spectral  accessing  of  information  are  made. 

(p.  164) 

11:15  am  (Invited) 

FB2  Time^main  optical  data  storage  using  Eu’*  ions  in 
crystals,  Masaharu  Mitsunaga,  NTT  Basic  Research  Labora¬ 
tories,  Japan.  Recent  progress  in  time-domain  optical  data 
storage  using  Eu’‘  in  YAIO,  and  YjSiO,  is  reviewed.  Topics  in¬ 
clude  cw  photon  echo,  bit-by-bit  storage,  and  spectral  pro¬ 
gramming.  (p.  170) 

11:45  am 

FB3  Incoherent  light  read-out  of  spectral  holograms,  A. 

Debarre  J.  C.  Keller,  J.  L.  Le  Gouet,  P.  Tchenio,  Laboratoire 
Aime  Cotton,  France.  Optically  stored  spectral  holograms 
are  probed  by  long  duration  broadband  light  pulses.  A  field 
C'oss-correlation  technique  is  used  to  sample  the  signal  with 
subpicosecond  time  resolution,  (p.  173) 

12:00  m 

FB4  Frequency-domain  measurements  of  spectral  hole 
patterns  burned  with  phase  coherent  pulses,  C.  Michael  Jef¬ 
ferson,  Alfred  J.  Meixner,  IBM  Almaden  Research  Center.  We 
have  measured  and  calculated  ground-state  population  grat¬ 
ings  created  in  the  inhomogeneously  broadened  absorption 
band  of  Eu’VYAIOj  by  pulse  pairs  whose  relative  phases 
could  be  varied.  (p.  176) 
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12:15  pm 

FB5  Photon  echo  in  Er-doped  fibers:  a  new  approach  to 
femtosecond  time^fomain  optical  signal  processing,  V.  L.  da 

Silva,  Y  Silberberg,  J.  P.  Heritage,  E.  W,  Chase,  M.  A.  Saiti,  M. 
J.  Andrejco,  Bellcore.  We  report  the  observation  of  femtosec¬ 
ond  accumulated  photon  echo  in  erbium-doped  fibers  and  in¬ 
vestigate  its  use  in  time-domain  optical  signal  processing. 

(p.  180) 

12:30  pm-2KX)  pm  LUNCH  BREAK  (on  your  own) 


DeANZA  III 

2fl0  pm-3:15  pm 
FC  ivtrCHANISMS:  1 

G.  I  S, Trail,  Iowa  State  University,  Presider 

2:00  pm  (Invited) 

FC1  Hole  burning  in  the  vibrational  spectrum  of  crystals 
and  glasses,  A.  J.  Sievers,  Cornell  U.  Persistent  IR  spectral 
holes  have  been  generated  inside  the  inhomogeneously 
broadened  vibrational  absorption  bands  of  small  molecules 
matrix  isolated  in  crystals  and  glasses,  (p.  186) 

2:30  pm 

FC2  Hydrogen  bonds  in  a  polymer  investigated  by  picosec¬ 
ond  infrared  hole-burning,  H.  Graener,  U.  Bayreuth,  F.R.G. 
Hole  burning  with  ultrashort  pulses  provides  detailed  insight 
in  the  structural  and  dynamic  properties  of  hydrogen  bonded 
polymers.  Comparison  with  persistent  holes  shows  inter¬ 
esting  similarities,  (p.  189) 

2:45  pm 

FC3  Spectral  and  temporal  dynamics  of  nonequilibrium 
phonons  in  YAGrPr*",  Xiao-jun  Wang,  W.  M.  Dennis,  U. 
Georgia,  We  investigate  the  spectral  and  temporal  evolution 
of  decay  products  from  monochromatic  phonon  generation 
in  YAGiPr’".  The  temperature  dependence  associated  with 
phonon  decay  is  also  determined,  (p.  193) 

3:00  pm 

FC4  Persistent  spectral  hole  burning  induced  by  ion  tun¬ 
neling  in  hydrogenated  CaFj:Pr“'  and  SrF,:Pr’-  crystals,  R.  J 

Reeves,  Oklahoma  State  U.:  R.  M  Macfarlane,  IBM  Almaden 
Research  Center  We  have  observed  persistent  spectral  hole¬ 
burning  due  to  light-induced  hydrogenic  ion  motion  in 
CaPjiPr^'iD'  and  SrFjiPH^O^  and  used  this  to  measure 
ground-state  hyperfine  splittings,  (p.  197) 


PORTOLA  LOBBY 

3:15  pm-3:45  pm  COFFEE  BREAK 


DeANZA  III 

3:45  pm-5:15  pm 
FD,  MECHANISMS;  2 

Urs  P.  Wild.  Swiss  Federal  Institute  of  Technology, 

Presider 

3:45  pm  (Invited) 

FD1  Linear  electron-phonon  interaction  in  dye-doped  poly¬ 
mers:  Boson  peak  frequencies  in  polymers,  Seishiro  Saikan. 
Osaka  U.,  Japan  Temperature  dependences  of  the  Debye- 
Waller  factor  and  the  homogeneous  spectrum  in  dyedoped 
polymers  have  been  investigated  with  femtosecond  accumu¬ 
lated  photon  echo  (p.  202) 

4:15  pm 

FD2  Iron-free  cytochrome-C  and  myoglobin  in  buffer  glass 
as  a  weakly  coupling  mesoscopic  molecular  system;  hole- 
burning,  absorption,  and  fluorescence  spectra  and  their  tem¬ 
perature  properties,  Toshiro  Tani,  Youich  Sakakibara.  Hisao 
Takahashi,  Kyonosuke  Yamamoto.  Electrotechnical  Laoora- 
lory,  Japan.  Persistent  spectral  holes,  antiholes  and  their 
temperature  dependences  of  protoporphyrin  cytochrome-C 
and  myoglobin  in  buffer  glasses  are  described  with  absorp¬ 
tion  and  fluorescence  observations,  (p.  206) 

4:30  pm 

FD3  Weak  linear  electron- phonon  coupling  in  iron-free 
hemeproteins,  J.  W.  I.  Lin.  T.  Tada,  Seishiro  Saikan.  T. 
Kushida.  Osaka  U..  Japan:  Toshiro  Tani.  Electrotechnical 
Laboratory.  Japan.  The  femtosecond  accumulated  photon 
echoes  of  iron-free  myoglobin  and  iron-free  cytochrome-C 
reveal  that  the  linear  electron-phonon  coupling  is  extremely 
weak  in  these  materials,  (p.  210) 

4:45  pm  (Invited) 

FD4  Spectral  hole-burning  in  the  storage  hierarchy?  Roger 
F.  Hoyt.  IBM  Almaden  Research  Center.  The  challenges  and 
opportunities  for  a  spectral  hole-burning-based  storage  de¬ 
vice  are  discussed  in  the  environment  of  contemporary  com¬ 
puter  systems  that  rely  on  a  hybrid  storage  hierarchy  for  high 
capacity  and  performance,  (p.  214) 


DeANZA  III 

5:15  pm-6;45  pm 

FE,  POSTER  SESSION:  2 

FE1  Persistent  hole-burning  spectroscopy  applications  on 
phthalocyanine  Langmuir-Blodgett  films,  F.  Adamec,  M.  Am- 
broz.  J.  Dian,  M.  Vacha.  J.  Hala.  Charles  U.,  Czechoslovakia; 
E.  Brynda,  CSAV  Institute  of  Macromolecular  Chemistry. 
Czechoslovakia.  The  excited-state  lifetimes  strongly  in¬ 
fluenced  by  fast  excitation  energy  transfer  within  phthal¬ 
ocyanine  Langmuir-Blodgett  multilayers  are  determined 
from  excitation  hole-burning  spectra,  (p.  220) 
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FE2  Kinetics  of  hole-burning  in  inhomogeneously  broaden¬ 
ed  spectra;  origin  of  nonexponentiality  and  problem  of  burn¬ 
ing  efficiency  dispersion,  E.  I.  Alshits.  B.  M.  Kharlamov.  N.  i. 
Ulitsky.  Institute  of  Spectroscopy  of  the  Academy  of  Sci¬ 
ences  U  S  S  R.  A  method  is  developed  which  permits  correct 
measurement  of  burning  efficiency  dispersion  in  strongly  in¬ 
homogeneously  broadened  spectra,  (p.  224) 

FES  Spectral  diffusion  decay  for  strongly  interacting  spins 
in  glasses,  U.  Zurcher,  R.  Silbey,  Massachusetts  Institute  of 
Technology.  We  study  the  spectral  diffusion  for  large  strain 
fields  in  a  glass.  We  examine  the  re'evant  time  scales  for  de¬ 
phasing  processes,  (p.  228) 

FE4  Electrooptical  multistable  switches  based  on  persist¬ 
ent  spectral  holes,  David  M.  Hanson,  SUNT -Stony  Brook.  An 
external  electric  field  can  provide  a  nonlinear  response  in 
sample  transmission,  absorption,  or  diffraction  to  produce 
novel  electrooptical  devices,  (p.  232) 

FES  Marker  mode  structure  in  the  primary  donor  state  of 
bacterial  reaction  centers,  P.  Lyle.  G.  J.  Small.  Iowa  State  U.: 
T.  J.  DIMagno,  J.  R.  Norris,  U.  Chicago.  Marker  mode  struc¬ 
ture  is  characterized  by  photochemical  hole-burning  for  the 
primary  donor  absorption  profile  (P870)  of  fully  deuterated 
Rhodobacter  sphaeroides  and  compared  to  that  of  the  pro- 
tonated  form.  (p.  233) 

FE6  Solvation  effects  of  organic  dyes  in  polymers;  wave¬ 
length  dependence  of  the  Stark  effect,  Eric  Vauthey.  Keith 
Holliday,  Changjiang  Wei,  Alois  Renn,  Urs  P.  Wild,  Swiss 
Federal  Institute  of  Technology.  The  wavelength  depend¬ 
ence  of  the  dipole  moment  difference  between  the  ground 
and  excited  states  of  two  polar  dyes  has  been  measured  and 
attributed  to  solvation  effects,  (p.  236) 

FE7  Elucidation  of  photophysics  and  photochemistry  in 
polyacene  photoadducts.  Mark  A.  lannone,  Gary  W.  Scott. 
UC-Riverside.  Photoadducts  of  anthracene  with  tetracene 
and  of  9-bromoanthacene  with  tetracene  are  studied  by  pho¬ 
tochemical  hole-burning  (PHB)  and  emission  spectroscopy. 
The  low  temperature  photochemical  decomposition 
mechanism,  excited  vibronic  level  energies,  and  PHB  hole 
depth  vs  intensity  are  reported,  (p.  240) 

FES  Fluorine  spin  diffusion  barrier  in  Pr^;LaF,  observed  by 
cross  relaxation,  L.  L.  Wald,  E.  L.  Hahn,  UC-Berkeley:  M. 
Lukac,  Josef  Stefan  Institute,  Yugoslavia.  We  report  Pr-F 
cross  relaxation  rates  in  Pr^'iLaF,  indicating  nearly  complete 
detuning  of  the  fluorine  spins  near  the  optical  ion. 

(p.  244) 

FES  Crystalline  model  systems  probing  dynamics  and 
electric-field  effects,  T.  Attenberger,  U.  Bogner,  U.  Regens¬ 
burg,  F.R.G.  Spectral  holes  and  antiholes  in  crystalline  sys¬ 
tems  such  as  perylene/n-heptane  were  used  to  study  dy¬ 
namics  in  double-well  potentials  and  electric  field-induced 
level  shifts,  (p.  248) 
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FE10  Light-  and  thermo-induced  spectral  diffusion  in  or¬ 
ganic  amorphous  systems  measured  via  hole-burning  Stark 
spectroscopy,  E.  I.  Alshits.  B.  M.  Kharlamov,  N.  I,  Ulitsky,  In¬ 
stitute  of  Spectroscopy  of  the  Academy  of  Science,  U.S.S.R. 
Light-  and  thermo-induced  spectral  diffusion  (LISD  and  TISD) 
are  investigated  by  hole-burning  Stark  spectroscopy  on 
chlorin  in  polyvinylbutyral  films.  LISD  is  nonetficient  in  the  in¬ 
vestigated  case:  TISD  has  an  activation  character,  (p.  252) 

FE11  Stark  effect  on  persistent  spectral  holes  measured 
by  the  electric-field  modulation  technique,  ToshiyukI  Shim- 
ada.  Hiroyuki  Suzuki.  NTT  Optoelectronics  Laboratories,  Ja¬ 
pan.  The  Stark  effect  on  spectral  holes  is  measured  using 
the  electric-field  modulation  technique.  It  enables  us  to 
detect  a  small  spectral  change  caused  by  a  weak  field. 

(p.  256) 

FE12  New  systems  of  organic  photon-gated  photochemi¬ 
cal  hole-burning,  Duoyuan  Wang,  Lingzhi  Hu,  Huizhu  He. 
Lizeng  Zhao,  Xin  Mi,  Yuxin  Ni,  Academy  of  Sciences,  China. 
Multiple  photon-gated  photochemical  hole-burning  is  per¬ 
formed  by  donor-acceptor  electron  transfer  for  mesotetra- 
aryl  (tetrabenzoporphyrinato)  zinc  in  the  presence  of 
aromatic  cyanide  in  poly  (methylmethacrylate)  at  4.2  K. 

(p.260) 

FE13  Effect  of  intersystem  crossing  enhancement  on  the 
hole-burning  process  of  metal-free  porphyrin,  Youichi 
Sakakibara.  Toshiro  Tani,  Electrotechnical  Laboratory, 
Japan:  Youkoh  Kaizu,  Tokyo  Institute  of  Technology,  Japan, 
Lifetime  modification  by  intersystem  crossing  enhancement 
changed  the  population  of  energy  levels  of  metal-free  por¬ 
phyrin  and  influenced  the  r^uantum  yield  of  hole  formation, 
(p.  264) 

FE14  Photon  echo  decay  and  optical  storage  in  Pr-doped 
YAlOj,  Stefan  Kroll,  Lund  Institute  of  Technology,  Sweden; 
Ravinder  Kachru,  SR!  International.  Photon  echoes  in  Pr- 
doped  YAIO,  demonstrate  excitation-energy  dependent 
homogeneous  dephasing  inconsistent  with  instantaneous 
spectral  diffusion  and  time-domain  optical  storage  using  200 
pj/bit.  (p.  268) 

FE15  Hole-burning  of  long  chain  molecular  aggregates,  R. 

Hirschmann,  J.  Friedrich,  Johannes  Gutenberg  U.  Mainz, 
F.R.G.  A  special  feature  of  pseudoisocyanine  aggregates  is 
their  excitonic  states.  Hole-burning  is  an  excellent  tool  to 
study  the  homogeneous,  inhomogeneous,  and  motional  nar¬ 
rowing  phenomena  associated  with  these  states,  (p.  272) 
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PORTOLA  LOBBY 

8:00  am-12:30  pm  REGISTRATION/SPEAKER  & 
PRESIDER  CHECK-IN 


OeANZA  III 

8:30  am-10:30  am 

SA,  LINEWIDTH  AND  RELAXATION 

Michael  Payer,  Stanford  University,  Presider 
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1200  m  (Invited) 

SB4  Fluorescence  excitation  of  single  molecules,  M.  Orrit, 
J.  Bernard,  U.  Bordeaux  /,  France.  For  small  volumes  of  pen- 
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Spectral  Diffusion  of  Optical  Transitions  in 
Doped  Polymer  Glasses  below  1°  K 

D.  Haarer  and  K.-P.  Muller 

Institute  of  Physics  and  BIMF,  University  of  Bayreuth, 

Postfach  101251,  D-8580  Bayreuth,  Germany 

Photochemical  and  photophysical  hole  burning  is  a  well  established  technique 
for  eliminating  the  large  inhomogeneous  broadening  of  electronic  transitions,  which 
dominates  the  optical  spectroscopy  of  amorphous  solids.  With  the  possibility  of  mea¬ 
suring  the  quasi- homogeneuos  width  Pqh  of  electronic  transitions,  dye  molecules  can 
be  used  as  probes  for  dynamical  processes  in  amorphous  solids  [1][2].  The  tempera¬ 
ture  dependence  of  the  electronic  linewidth  of  a  given  dye  molecule  in  a  crystaUine 
lattice  as  compared  to  its  linewidth  in  an  amorphous  solid  shows  large  differences 
in  both,  its  absolute  value  and  its  broadening  behavior.  This  is  due  to  the  different 
origin  of  the  dominant  line  broadening  mechanisms:  Interaction  with  phonons  in  a 
crystalline  host  and  with  two  level  systems  (TLS)  in  an  amorphous  solid. 

For  different  dye  molecules  in  amorphous,  organic  matrices  the  quasihomogeneous 
linewidths  have  been  measured  as  P,/,  oc  with  1  <  a  <  2  in  the  temperature  range 
between  Q.2K  and  20 A'  [3]  [4]  [5].  This  is  in  contrast  to  temperature  dependencies 
scaling  with  T*  [3]  or  €xp{  —  AE/kBT)  [5]  as  obtained  for  similar  dye  molecules  in 
crystalline  matrices. 

Various  theories  have  been  proposed  for  explaining  the  different  exponents  of  the 
measured  temperature  dependencies.  They  differ  in  the  model  assumptions  concern¬ 
ing  the  nature  of  the  coupling  between  the  TLS  and  the  phonon  bath  on  one  hand 
and  the  coupling  between  the  TLS  and  the  electronic  system  on  the  other  hand. 

In  order  to  decide  which  of  these  theories,  if  any,  describes  the  boadening  mech¬ 
anism  in  amorphous  sohds  it  is  important  to  investigate  the  behavior  of  optical 
linewidths  at  very  low  temperatures,  at  which  the  differences  between  phonon-like 
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and  TLS-like  exicitatious  are  expected  to  become  very  significant.  For  this  reason  we 
have  constructed  a  ^He/^He  dilution  refrigerator  with  optical  windows  for  transmis¬ 
sion  spectroscopy.  With  this  cryostat  we  were  able  to  perform  experiments  on  optical 
linewidths  down  to  25mK,  a  temperature  regime  in  which  only  very  few  optical  data 
exist  [6]  [7]. 

Ref.  [7]  for  instance  contains  the  only  published  hole  burning  data  in  the  temper¬ 
ature  regime  below  300mA'.  These  data  exhibit  a  very  puzzling  temperature  depen¬ 
dence,  where  the  authors  claim  two  crossovers  of  the  exponent  a  in  one  temperature 
decade.  Furthermore  a  dependence  of  this  exponent  upon  the  location  in  the  inho¬ 
mogeneous  absorbtion  band  was  observed.  In  contrast  to  this,  our  measurements 
show  no  sign  of  a  crossover  and  yield  a  linear  dependence  over  the  hole  temperature 
range  and  no  dependence  of  a  upon  the  wavelength.  These  new  results  should  be 
quite  relevant  in  the  discussion  of  the  multitude  of  theoretical  models  which  have 
been  suggested. 

We  investigated  polystyrene  (PS)  doped  with  free-base  phthalocyanine  (H2PC) 
and  polymethylmethacrylate  (PMMA)  doped  with  tetra-4-tert-butyl  phthalocyanine 
(H2PC’).  The  samples  had  optical  densities  of  0.55  and  0.42  respectively  at  a  typical 
thickness  of  3.3mm  and  2mm  respectively.  The  samples  were  prepared  by  bulk  poly¬ 
merisation  of  the  solution  of  the  dye  in  the  monomer.  The  temperature  dependence 
of  the  hole  width  is  shown  in  figure  1  on  a  linear  plot.  Two  observations  are  worth 
mentioning  and  are  reported  for  the  first  time  with  good  experimental  evidence  : 

1.  Both  systems  exhibit  a  linear  temperature  dependence  over  the  whole  tem¬ 
perature  range  down  to  25mAr  and  no  crossover  to  a  constant  hnewidth  is  seen. 
This  indicates  that  dynamical  processes  occur  in  amorphous  systems  even  at  these 
ultra-low  temperatures. 

2.  A  residual  Hnewidth  is  found  which  is  nearly  the  same  for  both  systems, 
reconfirming  that  in  an  amorphous  system  the  Hnewidth  reaches  the  Hfetime  limited 
value  =  \/2itTi  (Heisenberg  Hmit)  of  the  electronic  transition  only  in  the  Hmit 
T  —>0K.  This  limit  is  reached  within  10%  ! 


(MHz) 
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temperature  (mK) 


Figure  1:  Temperature  dependence  of  the  qua$i-homogeneous  hole  width  F,/,  for  the 
Si  ♦—  So  transition  of  H2PC  and  H2Pc‘‘  in  the  amorphous  polymers  PS  and  PMMA 
between  25  mK  and  500  mK  [10], 


It  is  commonly  assumed  that  the  homogeneous  linewidth  of  a  dye  molecule  em¬ 
bedded  in  a  soUd  matrix  can  be  described  as  [2,  pp  79]: 

2itTi  ’’’  ^ 

In  equation  1  the  parameter  Ti  contains  all  energy  relaxation  processes  and  is  as¬ 
sumed  to  be  constant  at  low  temperatures.  The  temperature  dependence  is  therefore 
caused  by  the  dephasing  time  T^.  In  oder  to  explain  hole-burnig  data  at  tempera¬ 
tures  between  1  K  and  20  K  in  the  polymer  matrices  PMMA,  PS,  and  PE  dephasing 
via  local  modes  was  assumed  [8].  The  measured  holewidth  can  therefore  be  written 
as  [8]  : 

F,/,  =  2Fh  -f  Fsd  (2) 


where  F sd  is  the  spectral  diffusion  part  of  the  linewidth.  The  factor  of  two  in  equation 
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2  indicates  that  hole  burning  can  be  considered  as  a  tandem  two  photon  process, 
yielding  twice  the  homogeneous  linewidth  [2].  Using  our  own  experimental  data  we 
could  verify  this  factor  by  comparing  VqhiT  — +  OK)  =  2rf,  with  the  fluorescence 
lifetime  of  the  electronic  excitation.  If  we  take  the  model  of  Black  and  Halperin  [9] 
we  can  derive  the  following  temperature  dependence  [10]: 

2^2  _ 

Tsd  =  (Icj"!)  P(A  -  (3) 

The  data  of  Figure  1  show  beyond  doubt  that  the  density  P{\  —  Am,„)  of  TLS 
with  tunneling  parameters  A  in  the  appropriate  range  can  be  considered  constant  for 
the  two  amourphous  host  polymers. 
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Time  Dependent  Hole  Burning  and  Optical  Coherence  Experiments  as  Probes 
of  Spectral  Diffusion  In  Low  Temperature  Glasses 

Michael  D.  Payer 

Department  of  Chemistry 
Stanford  University,  Stanford,  CA  94305 

Dynamics  and  interactions  in  low  temperature  glasses  can  be  studied  with 
optical  line  narrowing  techniques  applied  to  chromophores  embedded  in  glassy 
hosts.  Prior  to  the  use  of  optical  methods,  a  wide  variety  of  classical  methods, 
such  as  heat  capacities,  were  applied  to  the  study  of  glasses.  Results  have  been 
successfully  interpreted  in  terms  of  a  model  of  the  glass  potential  surface 
described  in  terms  of  Two  Level  Systems  (TLS) .  Because  of  the  very  large  extent 
of  inhomogeneous  broadening  in  glassy  systems,  it  is  necessary  to  apply  line 
narrowing  methods  to  provide  information  on  the  dynamics  and  interactions  of 
atoms  and  molecules  with  their  environments. 

A  number  of  optical  line  narrowing  methods  have  been  developed  to  remove 
inhomogeneous  broadening.  Among  these  are  hole  burning,  fluorescence  line- 
narrowing,  accumulated  grating  echoes,  stimulated  photon  echoes,  and  photon 
echoes.  The  photon  echo  and  the  stimulated  photon  echo  are  the  direct  optical 
analogs  of  the  magnetic  resonance  spin  echo  and  stimulated  spin  echo.  In 
magnetic  resonance  it  is  known  that  the  spin  echo  measures  the  homogeneous 
dephasing  time,  T2 ,  and  that  the  stimulated  echo  can  have  additional 
contributions  to  the  dephasing  time  from  spectral  diffusion  occurring  on  time 
scales  slower  than  T2 .  Until  recently  hole  burning  and  fluorescence  line 
narrowing  have  been  the  line  narrowing  techniques  applied  to  the  study  of 
glasses.  Various  workers  have  defined  the  observables  of  these  techniques  as  the 
homogeneous  linewidth.  Each  technique,  however,  is  sensitive  to  processes  over  a 
different  range  of  time  scales  and,  in  general,  will  yield  different  linewidths. 

The  line  narrowing  experiments  have  been  treated  as  if  they  are  absorption 
experiments  using  optical  absorption  formalisms.  The  line  narrowed  lineshape  was 
taken  to  be  related  to  the  Fourier  transform  of  the  two-time  transition  dipole- 
moment  correlation  function.  However,  the  two  time  correlation  function  is 
insufficient  to  describe  actual  line -narrowing  experiments,  such  as  hole-burning, 
that  are  performed  on  glasses.  In  fact  the  two  time  correlation  function 
description  of  experiments  has  been  misleading.  It  indicated  that  all  of  the 
line  narrowing  experiments  measured  the  same  observable,  the  homogeneous  line. 

It  caused  the  fundamentally  distinct  nature  of  different  experiments,  i.e.,  the 
characteristic  time  scale  associated  with  each  experiment,  to  be  absent  from  the 
theoretical  treatments.  Using  the  correct  description  of  the  different 
experiments  makes  it  possible  to  obtain  information  on  the  broad  distribution  of 
rates  of  dynamical  processes  in  complex  systems. 

A  theoretical  formalism  has  been  developed  by  Berg  et  al .  and  extended  by 
Bai  and  Payer  that  relates  the  experimental  observables  in  the  various  types  of 
line  narrowing  experiments  to  details  of  the  dynamics  and  intermolecular 
interactions  in  complex  systems  such  as  glasses.  Each  line -narrowing  technique 
can  be  regarded  as  a  specific  case  of  a  four-wave  mixing  experiment  in  which 
three  input  beams  induce  and  subsequently  interfere  with  a  polarization  in  a 
medium  to  generate  a  fourth  (signal)  beam.  The  frequency  domain  experiments  have 
specific  time  domain  analogs  obtained  through  Fourier  transforms.  The  differences 
between  the  techniques  are  reduced  to  the  timing  between  the  pulses  in  the  time 
domain  description.  It  has  also  been  shown  that  all  of  the  line -narrowing 
experiments  currently  being  performed  on  glasses  are  describable  in  terms  of 
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correlation  functions  which  are  variants  of  the  stimulated  echo  four  time 
correlation  function.  In  a  stimulated  echo,  three  pulses  are  applied  at  times, 

0,  r  and  r+T^.  A  fourth  pulse,  the  signal,  emerges  at  time  2r+T^.  The 
correlation  function  is  usually  specified  by  the  time  intervals  between  the 
pulses,  i.e.,  r,  T^,  and  r.  The  detailed  analysis  shows  that  the  differences 
among  the  various  line  narrowing  experiments  is  the  duration  of  the  interval  T^, 
which  has  a  major  influence  on  the  observables  in  the  experiments. 

First  consider  the  photon  echo  experiment.  It  is  the  limit  of  a  stimulated 
echo  experiment  with  The  second  and  third  pulses  in  the  sequence  are  time 

coincident.  Inhomogeneous  broadening  is  eliminated  by  the  echo  pulse  sequence. 
The  polarization  in  the  sample  decays  as  the  separation  between  the  two 
excitation  pulses  is  increased.  If  the  homogeneous  line  shape  is  Lorentzian,  the 
polarization  decays  as  exp(-2r/T2]  and  the  signal  intensity  decays  as  exp[-4T/T2] 
where  T2  is  the  homogeneous  or  transverse  dephasing  time.  In  addition  to  the 
dephasing  induced  by  dynamics,  population  decay  also  contributes  to  the  coherence 
loss.  The  pure  dephasing  time,  T2  can  be  obtained  by  removing  the  population 
decay  contribution. 

In  a  stimulated  echo,  a  pulse  excites  the  chromophores  as  before  but  at 
time  T,  the  second  pulse  is  split  into  two  pulses  separated  by  the  interval  T^. 
The  echo  appears  as  a  fourth  pulse.  The  stimulated  photon  echo  is  sensitive  to 
homogeneous  dephasing  during  the  interval  t  between  the  first  and  second  pulses 
and  between  the  third  and  echo  pulses.  It  is  also  sensitive  to  frequency 
fluctuations  (spectral  diffusion)  that  occur  on  the  slower  time  scale,  T^. 

Hole  burning  is  a  frequency  domain  line  narrowing  experiment.  In  a  hole 
burning  experiment,  a  narrowband  laser  excites  a  narrow  transition  frequency 
subset  of  the  chromophores  in  the  inhomogeneous  line.  A  spectriam  bracketing  the 
point  of  excitation  will  show  reduced  absorption,  the  hole.  Molecules  that  were 
excited  by  the  laser  can  contribute  to  the  hole,  these  being  ones  either 
initially  on  resonance  with  the  laser,  or  ones  which  had  fluctuations  in  energy 
during  the  hole  burning  period  which  brought  them  into  resonance  with  the  laser. 
In  the  time  interval  between  burning  and  reading  the  hole,  fluctuations  in 
transition  energies  can  bring  molecules  into  the  frequency  region  of  the  hole. 
Therefore,  fluctuations  in  frequency  which  occur  on  the  time  scale  from  burning 
through  reading  the  hole  will  determine  the  hole  width.  Since  this  time  scale  is 
typically  long  (seconds) ,  the  experiment  will  be  sensitive  to  very  slow  dynamical 
processes  (very  slow  spectral  diffusion).  It  has  been  formally  proven  that  hole 
burning  is  the  frequency  domain  equivalent  of  the  stimulated  echo  experiment. 

The  spectrum  of  the  hole  is  determined  by  the  Fourier  transform  of  the  stimulated 
echo  correlation  function.  Hole  burning  is  a  frequency  domain  stimulated  echo 
experiment.  In  a  hole  burning  experiment,  T^  is  essentially  the  time  required  to 
do  the  experiment,  from  burning  through  reading.  The  typical  time  scale  for  a 
photon  echo  experiment  is  100  ps .  Fluctuations  occurring  on  a  nsec  or  msec  time 
scale  are  static  on  the  time  scale  of  a  photon  echo  experiment,  and  do  not 
contribute  to  the  measured  dephasing  time.  In  contrast,  ^isec  and  msec  time  scale 
fluctuations  are  rapid  on  the  seconds  time  scale  of  a  hole  burning  experiment, 
and  contribute  to  the  measured  dephasing  time.  Therefore,  echo  and  hole  burning 
experiments  should  not  measure  the  same  dephasing  times  in  systems  which  have 
broad  distributions  of  fluctuation  rates.  Changing  T^,  the  time  scale  of 
experiments,  provides  a  path  for  the  examination  of  dynamics  over  a  very  wide 
range  of  times  from  psec  to  10,000  sec,  or  longer. 

The  dephasing  time  measured  by  photon  echoes  is  substantially  longer  than 
the  dephasing  time  measured  by  hole  burning  experiments.  The  additional 
broadening  of  a  hole  arises  from  slow  time  scale  spectral  diffusion.  At  low 
temperature,  the  ratio  of  the  hole  line  width  to  echo  determined  line  width  is 
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proportional  to  the  integral  of  the  fluctuation  rate  distribution,  P(R) ,  from 
time  scale  of  the  homogeneous  dephasing  time  to  the  time,  T^,  associated  with  the 
hole  burning  experiment.  P(R)  is  the  probability  of  having  a  dynamical  process 
of  rate  R  in  the  glass.  Thus  if  (time  between  burning  and  reading  the  hole) 
is  varied  over  a  range  of  times  in  which  some  rates  are  active,  i.  e.,  1/R  falls 
within  the  experimental  time  range,  the  holewidth  will  change.  The  change  in 
holewidth  can  be  used  to  quantitatively  determine  P(R) . 

Recently  we  performed  experiments  of  this  nature.  We  examined  cresyl 
violet  in  ethanol,  ethanol-d,  and  glycerol  glasses  and  resorufin  in  ethanol.  For 
example,  holes  were  measured  at  different  times  after  burning  in  the  cresyl 
violet/ethanol  system.  As  the  time  between  burning  and  reading  increased,  the 
hole  broadens.  For  cresyl  violet  in  ethanol  at  1.30  K  the  holes  broadened  from 
2.2  GHz  to  3.2  GHz  between  100  msec  and  7000  sec.  The  holewidth  was  observed  to 
vary  over  the  entire  range  of  study,  but  the  change  in  width  is  most  pronounced 
in  the  range  of  50  seconds . 

By  performing  a  detailed  theoretical  analysis  of  the  four  time  correlation 
function  for  hole  burning,  the  dependence  of  the  hole  width  on  the  waiting  time, 
T^,  was  obtained.  It  is  possible  to  determine  the  fluctuation  rate  distribution 
by  examining  the  holewidth,  or  the  dephasing  time  in  time  domain  experiments,  as 
a  function  of  T^.  A  log  normal  distribution  (Gaussian  on  a  log  time  scale)  was 
found  to  be  the  form  of  P(R)  that  fit  the  data  well.  Other  functions  will  also 
fit  the  data,  but  not  as  well,  e.  g. ,  a  rectangular  distribution.  However,  all 
functions  which  fit  the  data  have  three  features  in  common:  identical  center 
frequencies,  identical  areas  under  the  curve,  and  the  same  characteristic  widths. 
At  low  temperatures,  TLS  relaxation  is  caused  by  phonon  assisted  tunneling.  For 
this  case,  a  log  normal  distribution  of  fluctuation  rates  is  equivalent  to  a 
Gaussian  distribution  of  tunneling  parameters. 

The  experiments  were  repeated  on  resorufin  in  ethanol,  and  identical 
results  were  obtained.  This  proves  that  the  dynamics  in  this  time  range  are  an 
intrinsic  property  of  the  glass,  independent  of  the  chromophore .  Experiments  on 
glycerol  glass  covering  the  same  range  of  T^  displayed  no  hole  broadening.  Again 
demonstrating  that  the  dynamics  observed  in  ethanol  glass  is  an  intrinsic 
property  of  the  glass  and  not  a  function  of  the  experimental  procedures. 

The  experiments  described  above  used  a  conventional  hole  burning  procedure, 
i.  e.,  the  hole  was  burned  and  following  a  time  T^,  the  hole  was  read  out  by 
sweeping  the  laser  frequency.  We  have  extended  the  measurements  to  T^s  (time 
between  burning  and  reading)  as  fast  as  10  ^sec .  To  accomplish  this  we  measure 
the  entire  time  response  at  a  given  frequency  and  then  repeat  this  for  a  number 
of  frequencies.  This  avoids  the  necessity  of  sweeping  the  reading  frequency 
across  the  hole.  To  do  this  we  employ  a  300  MHz  acousto-optic  modulator  (AOM) . 
The  narrow  band  dye  laser  beam  is  split,  one  part  becomes  the  burning  beam.  This 
is  passed  through  two  AOMs  which  are  used  to  turn  it  on  and  off  rapidly  to  make 
the  burning  pulse .  The  other  part  of  the  dye  laser  beam  passes  through  the  300 
MHz  AOM.  The  diffracted  beam  is  shifted  from  the  burning  beam  by  exactly  300 
MHz.  To  read  at  600  MHz,  the  diffracted  beam  is  passed  back  through  the  AOM. 

The  beam  is  again  diffracted,  and  is  now  shifted  600  MHz  from  the  burn  frequency. 
This  process  can  be  repeated  up  to  six  time  with  a  single  AOM  with  more  than 
sufficient  intensity  to  read  the  hole.  Thus  reading  frequencies  of  0,  300,  600, 
900,  1200,  1500,  and  1800  MHz  shift  from  the  center  frequency  are  obtained.  This 
can  be  done  on  either  side  of  the  line  by  taking  either  the  +1  or  -1  diffraction 
order . 

At  each  probe  frequency  the  full  time  dependence  is  measured.  The  holes 
used  are  transient,  presumably  triplet  bottle  neck  holes,  which  refill  on  the  100 
msec  time  scale  for  creysl  violet  in  ethanol.  Therefore,  about  1000  shots  can  be 
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averaged  to  obtain  good  quality  data.  Great  care  is  taken  to  test  for 
saturation,  heating  and  other  unwanted  side  effects. 

The  holes  at  10  ^sec  are  1.2  GHz  compared  to  3.2  GHz  measured  at  7000sec. 
Between  10  /isec  and  100  msec  the  increase  in  width  plotted  on  a  log  time  scale  is 
well  fit  by  a  straight  line,  indicating  a  P(R)  =  1/R  distribution.  Therefore, 
using  hole  burning  we  have  examined  hole  widths  from  10  ^sec  to  10,000  sec,  i. 
e.,  over  9  decades  of  time.  „ 

On  fast  time  scales  we  have  employed  photon  echo  and  stimulated  echo 
experiments.  The  photon  echo  experiments  demonstrates  that  the  fluctuation  rate 
distribution  from  1  psec  to  1  nsec  also  has  the  form  P(R)  =  1/R.  Extrapolation 
of  the  msec  to  fisec  hole  burning  data  to  the  nsec  time  scale  produces  essentially 
perfect  agreement  with  the  photon  echo  data.  This  indicates  that  a  1/R 
distribution  exists  in  ethanol  from  psecs  to  100  msec,  i.  e.,  over  11  decades  of 
time . 

As  discussed  above,  the  hole  burning  experiments  are  the  Fourier  transform 
of  the  stimulated  echo  experiment.  To  work  on  fast  time  scales  it  is  preferable 
to  work  in  the  time  domain  rather  than  the  frequency  domain.  To  extend  the  short 
time  echo  experiments  to  longer  times,  to  avoid  the  necessity  of  doing  very  fast 
hole  burning  experiments,  and  to  fill  in  the  gap  between  /isec  time  scale  hole 
burning  experiments  and  psec  time  scale  photon  echo  experiments,  we  are  using  the 
stimulated  photon  echo.  Because  of  spectral  diffusion  on  a  fast  time  scale,  the 
stimulated  echo  decay  is  faster  than  the  two  pulse  echo  decay.  This  is 
equivalent  to  the  classic  NMR  experiments  that  compare  spin  echoes  and  stimulated 
echoes  to  measure  spectral  diffusion.  Until  now,  the  only  information  on  P(R) 
for  fast  fluctuation  rates  (short  times)  has  come  from  the  functional  form  of  the 
echo  decays.  An  exponential  decay  indicates  a  1/R  distribution.  By  performing 
three  pulse  stimulated  echo  experiments  for  relatively  short  T^s  (time  between 
the  second  and  third  pulses  of  the  echo  sequence;  the  time  between  the  first  and 
second  pulse  is  scanned)  P(R)  can  be  determined  in  the  same  manner  that  measuring 
T,^  dependent  hole  widths  determines  P(R) .  The  results  indicate  that  P(R)  is,  in 
fact,  1/R  for  fast  fluctuation  rates. 

The  net  result  is  the  observation  of  hole  broadening  over  9  decades  of  time 
and  the  determination  of  the  low  temperature  ethanol  glass  fluctuation  rate 
distribution  over  16  decades  of  time.  The  increase  in  observed  dynamical  line 
widths  by  a  factor  of  approximately  8  from  the  psec  time  scale  to  the  10,000  sec 
time  scale  is  caused  by  spectral  diffusion  induced  by  the  fluctuating  Two  Level 
System  structure  of  glasses.  The  data  is  analyzed  using  a  detailed  theoretical 
description  of  the  four  time  correlation  functions  that  describe  the  various  line 
narrowing  experiments. 
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Persistent  spectral  holes  burnt  in  polymeric  matrices  such  as  polyethylene  (PE)  and 
polymethylmethacrylate  (PMMA),  doped  with  metal-free  phthalocyanine  (H2PC), 
show  infrared  (IR)  light-induced  spectral  diffusion  (Fig.  1)  /1, 2/. 


Frequency  (GHz) 


Fig.  1;  Evolution  of  a  photochemical  hole  at  different  times  after  burning  and  under  infrared  irradiation 
with  an  intensity  of  350  (iW/cm^.  The  solid  lines  are  fitted  Lorentzian  line  profiles. 

With  respect  to  the  energy  dose  of  the  IR  irradiation,  the  hole  broadening  exhibits  no 
saturation,  whereas  the  hole  filling  saturates  at  a  level  of  70-90%  of  the  initial  hole 
area,  the  exact  value  being  dependent  on  the  frequency  of  the  infrared  light. 

Previous  experiments  with  a  broadband  infrared  source  in  the  spectral  region 
between  2.5  /im  and  13  unravelled  spectral  diffusion  processes  which  are 
strongly  dependent  on  the  matrix  material.  In  the  PMMA  system,  the  increase  of  the 
hole  width  as  a  function  of  the  IR  energy  dose  is  larger  by  a  factor  of  60  as 
compared  to  the  PE  system.  Even  the  low-intensity  room  temperature  blackbody 
radiation  gives  rise  to  strong  hole  broadening  and  hole  filling  phenomena. 
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Frequency-selective  IR  irradiation  allows  us  to  study  the  microscopic  origin  of  these 
light-induced  spectral-diffusion  processes.  Fig.  2  shows  the  hole  broadening  upon 
irradiation  of  different  infrared  frequencies  but  constant  energy  doses.  Around  3550 
cm’^  there  is  a  clear  resonance  in  the  broadening  behavior.  The  bandwidth  of  the 
irradiated  IR  light  was  about  100  cm"^.  The  hole  filling  behavior  is  characterized  by 
resonant  spectral  contributions  in  a  broader  frequency  range  between  3450  cm'^ 
and  3650  cm'^ 


Wavelength  (nm) 

Fig.  2:  Broadening  of  a  photochemical  hole  in  HgPc/PMMA  as  a  function  of  the  frequency  of  the 
irradiated  IR  light.  The  width  of  the  rectangles  give  the  spectral  bandwidth  of  the  light  source. 

Experiments  with  a  deuterated  PMMA  matrix  as  well  as  the  measured  frequency 
dependence  of  the  hole  broadening  leads  us  to  exclude  contributions  of  the  C-H  or 
the  C-D  stretching  vibrations. 

The  measured  contribution  to  the  spectral  diffusion  in  the  near-infrared  regime  can 
be  correlated  with  two  fundamental  vibrations  of  water  molecules  and  with  the  first 
harmonic  of  the  C=0  stretching  vibration  in  PMMA.  Hole  filling  and  hole  broadening, 
which  respond  in  different  ways  to  the  IR  irradiation,  seem  to  be  caused  by  different 
types  of  vibrations  in  the  matrix.  Some  model  assumptions  concerning  Raman-  and 
IR-aktiv  modes  will  be  discussed. 
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3+ 

We  report  the  results  of  time— resolved  optical  holeburning  of  Er 
(0.02%).  In  earlier  work  for  H//c  we  described  the  time  evolution  of  holes 


ions  in 

4 

burned  at  33kG 


using  laser  scanning  over  a  frequency  of  40MHz^  and  we  reported,  using  larger  scans,  the 
occurence  of  optical  side  holes.  We  now  describe  results  for  Hxc  with  scans  >  400  MHz 
using  a  new  Zeeman  technique  for  frequency  scanning  the  optical  transition  frequencies 
which  allow  one  to  study  the  time  evolution  of  the  holes  and  their  associated  sideholes. 

The  hole  lineshapes  evolve  with  time  reaching  a  linewidth  of  ~  10  MHz  after  600  fis.  We 
identify  the  source  of  the  time  evolution  of  the  hole  shape  as  spectral  diffusion  resulting 
from  mutual  spin  flips  of  the  surrounding  fluorine  nuclei  whose  flip  rates  are  strongly 

3+ 

modified  from  the  bulk  rates  by  the  presence  of  the  large  magnetic  moment  of  the  Er  ion 
which  produces  a  "frozen  core".  A  computer  simulation  which  takes  into  account  the 
details  of  the  dynamics  of  the  frozen  core  successfully  describes  the  time  evolution  of  the 
holes,  confirming  the  dominant  role  of  F  nuclear  spin  flips. 

Saturation  holes  are  burned  (pulse  duration  5  /zs)  with  a  single  frequency  tunable 


dye  laser  tuned  to  the  H 


15/2" 


Tg/2  transition  between  the  lowest  crystal  field  levels  of  the 


two  manifolds.  The  sample  is  placed  in  a  large  D.C.  magnetic  field  and  the  transition 
between  the  lowest  Zeeman  sublevels  is  selected.  The  Zeeman  scanning  is  accomplished  by 
surrounding  the  sample  with  a  small  Helmholtz  pair  of  copper  coils  (18  turns  each  coil; 
whose  axis  is  parallel  to  the  D.C.  field.  The  hole  is  burned  with  a  small  current,  Iq,  in  the 
coils  which  adds  to  the  large  D.C.  field.  After  a  delay,  a  weaker  probe  pulse  is  gated  to  the 
sample  with  an  acousto— optic  modulator  while  at  the  same  time  a  ramped  current  is 
applied  to  the  coil.  When  the  current  reaches  the  value  Iq,  the  hole  is  on  resonance  with 
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the  laser.  Thus  the  optical  frequency  of  the  Er  ion  transition,  t/,  is  scanned  with  the 
current  to  the  coil.  The  frequency  shift  of  the  transition  is  given  by 
dr./dI  =  l/2(g-g’)/?dH/dI  (1) 

where  g  and  g’  are  the  g— values  of  the  ground  and  excited  states,  respectively,  and  /?  is  the 
Bohr  magneton.  For  Hxc,  g^  =  8.3  and  g^  <  1.  For  a  maximum  current  of  10  A,  this 
yields  a  scan  range  of  over  2  GHz  which  can  be  accessed  in  5  /xs. 

Typical  time— resolved  holeburning  spectra  in  a  D.C.  field  of  29.5  kG  for  Hxc  are 
shown  in  Fig.  1  for  various  time  delays.  The  sideholes  result  from  transitions  in  the  burn 
or  detection  pulses  in  which  nuclear  spin  flips  of  the  adjacent  F  or  Li  nuclei  occur 

2 

accompanying  the  electronic  transitions  as  discussed  previously  for  H//c. 

The  local  field  produced  by  nuclear  spin  flips  on  adjacent  F  nuclei  is  ~  1  G 

O  I 

producing  frequency  shifts  of  the  Er  transitions  of  ~  5MHz.  The  linewidth  of  the 
holeburning  spectra  indicate  that  nearby  F  spin  flips  occur  within  the  first  500  /xs. 

Q  I 

Dynamics  of  other  Er  electron  spins  cannot  contribute  to  the  linewidth  at  the  .02% 

3+ 

concentration  and  30  kG  magnetic  field  since  the  nearest  Er  in  the  excited  spin  state  is 

3+ 

>  1000  A  from  any  Er  ion  in  its  ground  spin  state.  The  local  field  change  produced  by 
the  flip  of  such  a  distant  nuclear  spin  is  too  small  to  make  an  observable  contribution  to 
the  hole  width. 

The  dynamics  of  the  spectral  hole  is  modeled  with  a  computer  simulation  which 
considers  mutual  spin  flips  of  ~  1000  surrounding  F  nuclear  spins.  The  bulk  nuclear  spin 

3  —1 

flip  rate  is  known  to  be  about  5x10  s  .  However,  the  mutual  flip  rate  of  the  nearby  F 

spins,  perturbed  by  the  Er  magnetic  moment,  is  greatly  reduced.  The  rate  is  calculated 
assuming  a  magnetic  dipole-dipole  interaction  where  the  spin  flip  energies  of  the  two  spins 
are  out  of  resonance  by  an  amount  A,  calculated  from  the  local  fields  produced  by  the 
34- 

Er  spin  at  the  F  sites.  For  the  calculation  the  nuclear  spin  resonance  linewidths  are 
assumed  to  have  the  same  value  as  that  of  the  bulk  spins  (~20  kHz). 

34- 

The  time  history  of  the  local  field  at  a  typical  Er  site  is  calculated  by  cycling 
through  the  lattice  of  F  nuclear  spins  a  large  number  of  times,  allowing  the  spins  to 
undergo  mutual  spin  flips  stochastically,  based  on  their  calculated  mutual  spin  flip  rates. 

3+ 

The  time  history  of  the  transition  frequency  of  a  10000  Er  spins,  whose  initial  frequency 
distribution  describes  the  hole  spectrum  immediately  after  burning,  are  obtained  by 

34- 

starting  the  time  evolution  of  each  Er  spin  at  a  different  time  in  the  typical  time 
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history.  This  yields  a  predicted  spectral  evolution  which  agrees  reasonably  well  with 
experiment.  However  the  results  suggest  that  the  strongly  perturbed  nearby  F  spins  flip 
somewhat  more  rapidly  than  predicted  by  the  simple  mutual  spin  flip  model  described 
above.  This  may  result  from  4  spin  mutual  flips  or  the  role  of  the  Li  spin  which  have  been 
ignored. 
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Fig.  1.  Time-resolved  holeburning  spectra  for  the  magnetic 
field  perpendicular  to  the  c  axis  using  Zeeman 
scanning.  Sideholes  associated  with  spin  flips 
of  Li  and  F  nuclei  are  indicated. 
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Introduction 

We  present  time  resolved  measuiements  of  homogeneous  dephasing  of  organic  dopants  in 
inorganic  sol-gel  glasses.  A  variety  of  organically  doped  sol-gel  glasses  have  been  synthesized 
and  their  dynamics  investigated  by  time-resolved  photon  echo  and  fluorescence  anisotropy 
measurements.  The  homogeneous  dephasing  rate  of  the  chromophore  is  determined  from  photon 
echo  measurements  at  low  temperature  (T  =  1.4  K),  while  thermally  activated  homogeneous 
dephasing  mechanisms  are  investigated  by  temperature  dependent  photon  echo  measurements.  Our 
results  are  contrasted  with  recent  hole-burning  experiments  on  doped  sol-gel  glasses. 
Aluminosilicate  (ASE)  and  tetraethoxy  silane  (TEOS)  glasses  have  been  doped  with  rhodamine 
dyes,  polyaromatics,  cresylviolet,  resorufin  and  a  wide  range  of  chromophores  with  different 
nonradiative  electronic  relaxation  rates.  A  small  list  includes  naphthalene  (170ns),  rhodamine  6G 
(2ns),  Rose  Bengal  (500ps),  stilbene  (70ps),  azulene  (2ps),  as  well  as  quinizarin  and  chlorin.  The 
visible  absorption  spectra  of  some  organically  doped  sol-gel  glasses  is  shown  in  Figure  1.  The 
low  temperature  homogeneous  dephasing  rate  for  chromophores  doped  into  TEOS  and  in  ASE  sol- 
gel  glasses  has  been  measured  utilizing  photon  echo  measurements,  as  shown  in  Figure  2. 

The  dynamics  of  the  sol-gel  matrix  giving  rise  to  spectral  diffusion  is  analyzed  in  terms  of  a 
distribution  of  two-level  systems  which  can  model  the  local  fluctuations  characteristic  of  the  non¬ 
equilibrium  glassy  state.  The  covalent  nature  of  the  host  polymer  structure  differs  from  van  der 
Waals  solids  (e.g.  ethanol  glasses  and  molecular  crystals)  and  is  much  more  branched  than  typical 
organic  polymers  (such  as  PMMA).  Thus  one  expects  the  barrier  height  distribution  for  local 
structural  changes  to  be  quite  different.  It  is  not  yet  clear  whether  the  sol-gel  barrier  height 
distribution  has  a  functional  form  different  from  the  (barrier  height)  *^  dependence  seen  in  other 
glassy  systems.  [1] 

Time-Resolved  Photon  Echo  Spectroscopy 

Photon  echo  spectroscopy  is  utilized  to  obtain  homogeneous  dephasing  rates.  At  higher 
temperatures,  thermally  populated  low  frequency  modes  of  the  solid  or  low  frequency  modes  of 
the  dopant  molecule  induce  thermally  activated  dephasing  processes.  Temperature  dependent 
photon  echo  measurements  in  glasses  are  complex  due  to  the  dynamics  of  the  glass  as  well  as  the 
dynamics  of  the  chromophore  within  the  glassy  matrix.  [2]  Thus,  temperature  dependent  photon 
echo  spectroscopy  is  being  used  as  a  sensitive  probe  of  how  organic  chromophores  interact  with 
the  inorganic  sol-gel  host  matrix. 

For  example,  time-resolved  photon  echo  measurements  have  yielded  the  homogeneous 
lifetime  of  cresylviolet  doped  into  TEOS  and  ASE  glasses.  We  observe  a  photon  echo  decay  time 
of  tpc=18()ps  for  a  cresylviolet  doped  ASE  glass  at  1.4  K,  which  corresponds  to  T2=72{)ps.  Our 
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results  for  cresylviolet  doped  TEOS  are  similar  except  that  the  nonresonant  intensity  spike  at  zero 
delay  relative  to  the  long  time  decay  is  much  greater  for  this  system.  One  possibility  for  this 
difference  is  that  vibronic  transitions  become  more  dominant  in  the  TEOS  matrix.  Our  photon  echo 
results  can  be  compared  with  hole-burning  experiments  performed  on  cresylviolet  adsorbed  onto 
porous  silica  at  a  similar  temperature.  [3]  A  homogeneous  linewidth  of  8GHz  (corresponding  to  a 
dephasing  time  of  ~20ps)  was  reported  for  cresylviolet  adsorbed  onto  porous  silica  at  1.7K  [3]  yet 
our  measured  dephasing  time  is  an  order  of  magnitude  longer.  Thermally  activated  homogeneous 
dephasing  can  occur  due  to  coupling  of  the  electronic  excitation  to  delocalized  chromophore 
vibrations  as  well  as  due  to  local  rearrangement  of  the  sol-gel  structure  (i.e.  spectral  diffusion).  [2] 
Temperature  dependent  photon  echo  measurements  are  currently  being  performed  to  separate  these 
effects. 

Time-Resolved  Fluorescence  Anisotropy 

In  addition  to  relaxation  and  dephasing  processes  energy  transfer  can  occur  between 
chromophores  and  will  be  very  important  in  determining  the  dynamics  of  mixed  chromophore 
systems.  When  the  electronic  energy  transfer  occurs  between  molecules  with  randomly  oriented 
transition  dipoles  the  resulting  fluorescence  is  depolarized  to  some  degree.  Since  the  energy 
transfer  mechanism  is  sensitive  to  the  proximity  of  neighboring  molecules,  we  utilize  time-resolved 
fluorescence  depolarization  to  investigate  the  average  spatial  distribution  of  dopant  molecules 
within  the  host  glass  as  well  as  to  probe  the  dynamics  of  energy  transfer.  [4] 

Room  temperature  and  77K  fluorescence  anisotropy  measurements  have  been  made  on 
several  of  the  doped  glasses  listed  in  Figure  1  and  due  to  their  low  concentration  only  a  small 
change  in  anisotropy  is  observed  over  a  timescale  of  twice  the  fluorescence  lifetime  (not  shown). 
However,  one  can  use  these  initial  results  to  conclude  that  the  dopant  distribution  function  does  not 
have  a  large  number  of  close  neighbors  (as  might  be  the  case  if  a  fraction  of  dopant  molecules  were 
localized  in  what  used  to  be  solvent  pores).  Instead,  the  dopants  appear  randomly  distributed,  as  if 
in  a  frozen  liquid.  In  addition,  we  have  yet  to  see  any  dispersion  in  the  time-resolved  anisotropy 
measurements  (both  at  room  temperature  and  77K)  indicating  that  Avhomo  is  large  enough  to  prevent 
donor  trapping  of  the  excitation  to  occur.  [5]  We  are  continuing  these  experiments  on  sol-gels 
doped  to  higher  concentrations  where  v.  expect  to  see  more  efficient  energy  transfer. 
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Figure  1.  A  variety  of  organic 
dyes  have  been  incorporated  into 
both  silicate  (TEOS)  and 
aluminosilicate  (ASE)  sol-gel 
glasses.  The  visible  absorption 
spectrum  of  several  of  these 
doped  sol-gel  glasses  are  shown 
to  the  left. 


Figure  2.  As  a  means  of 
measuring  the  homogeneous 
dephasing  rate  for  chromophores 
doped  into  inhomogeneous  sol- 
gel  glasses  we  have  performed 
picosecond  photon  echo 
experiments.  The  results  for 
cresylviolet  doped  ASE  at  two 
different  temperatures  is  shown  to 
the  left.  The  720ps  homogeneous 
dephasing  time  at  1 .5K  is  shorter 
than  the  3ns  fluorescence  lifetime. 
Thus,  the  homogeneous 
dephasing  of  cresylviolet  in  ASE 
at  1.4K  occurs  due  to  a 
combination  of  spectral  diffusion 
and  population  relaxation 
mechanisms. 
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III.TRAFAST  DEPHASING  OF  RESORUFIN  IN  D-ETIIANOL  GLASS 
FROM  1.8  -  35  K  STUDIED  BY  INCOHERENT  PHOTON -FX:H0 

N.V.  Gruzdev  and  Yu.G.  Vainer 
Institute  of  Spectroscopy,  USSR  Academy  of  Sciences, 

142092,  Troitzk,  Moscow  Region,  USSR,  tel:  334-02-36 

Optical  dephasing  studies  of  organic  glasses  and  polymers 
provide  the  valuable  information  about  an  amorphous  system’s 
dynamics.  In  the  recent  years  hole- burning  and  two-pulse 

picosecond  photon-echo  were  widely  used  for  these  purposes. 
These  methods  have  different  characteristic  times:  minutes  and 
more  -  for  hole-burning,  picoseconds  -  for  two-pulse  picosecond 
photon-echo.  As  a  result,  in  the  case  of  amorphous  systems,  data 
obtained  by  using  of  these  methods  correspond  to  different  time 
scales  and  are  not  equivalent  [l].  The  comparison  between  the 

results  obtained  by  these  different  methods  can  provide 
additional  information  about  a  dynamical  processes  in  amorphous 
systems  (for  example,  about  spectral  diffusion). 

Up  to  now  the  most  experimental  investigations  of  optical 
dephasing  in  organic  glasses  and  polymers  were  made  at  small 
temperature  region  and  only  in  two  time  scales:  picosecond  and 
minutes  and  more.  It  was  interesting  to  investigate  organic 
amorphous  systems  in  nanosecond  and  microsecond  time  regions  and 
at  more  wide  temperature  region. 

We  report  the  results  of  our  experimental  study  of  the 

optical  dephasing  in  organic  glasses  by  nontraditional 
photon-echo  method,  with  incoherent  laser  source  of  light  [2,3]. 
The  main  advantage  of  this  method  is  potentially  very  high  time 

resolution  (up  to  femtoseconds),  because  in  this  method  time 
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resolution  is  not  determined  by  the  laser  puLse  duration  but  by 
the  correlation  time  of  the  laser  light.  This  permits  to  measure 
the  optical  dephasing  at  the  higher  temperatures. 

The  characteristic  time  of  incoherent  photon-echo  is 
determined  by  minimum  from  two  times:  pulse  duration  and  T^  [4] 

and  can  differ  from  characteristic  times  of  hole-burning  and 
two-pulse  photon-echo.  It  permits  to  obtain  information  about 
spectral  diffusion  in  other  time  scale  then  in  the  cases  of 
above  -  mentioned  methods . 

The  experimental  setup  was  created  on  the  base  of  special 
developed  broadband  dye  laser  system.  Its  parameters:  time 
resolution  20  -  30  fs,  region  of  time  delays  from  10  fs  up  to 

nanoseconds,  spectral  region  450  -f  860  nm,  spectral  width  of 

laser  light  up  to  300  cm  \  laser  pulse  duration  ~  15  ns  and 
energy  up  to  I  mJ. 

-4 

Measurements  were  made  at  2-3x10  mol//  solutions  of 
resorufin  in  d-ethanol  in  cuvette  with  1  mm  thickness,  placed  in 
temperature  regulated  helium  cryostat.  The  samples  were  cooled 

rapidly  (  >  1  K/s).  A  number  of  precautionary  measures  and 
control  measurements  have  been  performed  to  exclude  optional 
density  effects  and  to  obtain  reproducible  results. 

The  scheme  of  experiment  is  shown  in  Fig.l.  Additional  beam 
was  introduced  to  have  simultaneously  two  signals:  first  -  from 
photon-echo  with  variable  optical  delay  (main  signal)  and 

second  -  from  photon-echo  with  constant  delay  (additional 
signal).  Additional  signal  was  used  for  calibration  of  the 
photon-echo  signal  intensity.  It  permited  us  to  improve  the 

precision  of  our  measurements. 

The  results  of  our  experimental  study  are  demonstrated  in 
Fig. 2.  For  comparison,  the  results  of  hole-burning  [5]  and 
picosecond  photon -echoes  [1,5]  experiments  are  demonstrated  too 
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Fig.l.  k  -  coninion  beam,  k  -  beam  with  variable  delay, 

k  -  beam  with  constant  delay,  2k  -  k^  -  main  photon-echo 
signal  beam,  2k  -  k  -  calibration  photon-echo  beam, 

denote  direction  of  beam  polarization. 


Fig. 2.  Temperature  dependence  of  dephasing  times  for 

resorufin  in  d-ethanol  glass. 
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At  T~  11  K  all  results  are  practically  coincide.  At  T  between 
8  -  11  K  our  results  coincide  with  picosecond  photon -echoes 
results.  At  'r  below  8K  we  can  see  the  difference  between  our  and 
picosecond  photon-echoes  and  hole-burning  results. 

The  coincidence  of  the  all  optical  dcphasing  values  at  11  K 

is  readily  explained.  At  this  temperature  and  more  the 

contribution  of  spectral  diffusion  in  dephasing  value  is,  most 
likely,  negligible.  The  coincidence  of  picosecond  and  incoherent 
photon-echoes  results  between  8  -  11  K  signify  that  in 

investigated  system  in  the  nanosecond  time  scale  the 

contribution  of  spectral  diffusion  obviously  is  sufficiently 
small.  Good  agreement  in  this  temperature  region  of  picosecond 
and  incoherent  photon -echoes  data,  obtained  by  the  two 

essentially  different  methods  in  different  laboratories  and  with 

different  samples,  indicates  a  high  reliability  of  these  data 
and  an  absence  of  some  artefacts  in  above-mentioned 
experiments.  I'he  difference  between  our  and  picosecond 
photon -echoes  results  below  8  K  indicates,  for  our  opinion,  on 

the  presence  of  spectral  diffusion  process  in  nanosecond  time 
scale.  In  accordance  with  most  of  theoretical  models  this 
difference  is  increasing  when  the  temperature  is  decreasing. 

The  obtained  high  temperature  dephasing  time  data  (up  to 

36  K)  permits  us  to  analyze  more  precisely  contributions  to  the 
dephasing  different  mechanisms:  interactions  with  pseudolocal 
modes,  TliS,  acoustic  and  optical  phonons. 
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The  neural-network-like  scheme  of  data  storage  and  processing  of  N-bit  sequences  of  in- 
formation  needs  a  memory  of  about  N  elements  (interconnections).  In  digital  auto-associative 
memories  /!/  the  useful  data  is  presented  usually  as  a  set  of  S  different  words,  (s=  1,...,  S), 
each  word  being  a  sequence  of  N  bits.  Simple  mathematical  rule  /2/,  given  originally  by  Hopfield 
/3/,  can  serve  as  an  algorithm  to  calculate  the  values  of  the  N  elements  of  the  memory  matrix,  T. 
Recall  of  the  memory  gives  an  output  word,  v  which  results  from  a  thresholded  inner  product 
between  the  interrogating  input  word,  v  and  the  memory  matrix.  The  readout  procedure  can  be 
expressed  mathematically , 

j,(o«/)_Trh  {  }, 

where  TRH{...}  stands  for  the  thresholding  procedure. 

The  remarkable  property  of  associative  memories  is  that  the  input  words,  v  can  com¬ 
prise  errors  (certain  number  of  error  bits)  without  loss  of  the  essential  information:  the  recall  auto¬ 
matically  corrects  for  the  errors  towards  the  closest  matching  amongst  the  memorized  words, 

By  arranging  feedback  loops  (i.e.  if  the  thresholded  output  is  feeded  back  into  the  input)  multi-step 
approximation  error-corrective  recalls  can  be  obtained. 

Optical  realizations  of  digital  associative  memories  /4/  make  use  of  the  advantage  that  op¬ 
tics  has  over  conventional  electronics  in  performing  the  necessary  massive  matrix  multiplication 
procedure.  Optical  means  allow  the  multiplication  to  be  carried  out  simultaneously  in  many  paral¬ 
lel  channels  if  the  memory  matrix  is  coded  as  a  spatial  transparency  or  a  hologram.  However,  the 
conventional  optical  storage,  utilizing  the  spatial  coordinates  (x,  y,  z),  fails  if  a  very  large  memory 
capacity  is  needed,  e.g.,  for  processing  of  image  information.  Also,  if  we  want  direct  input/output 
of  images  presented  in  two-dimensional  format,  the  optical  multiplication  process  will  need  an  ad¬ 
ditional,  fourth  degree  of  freedom,  difficult  to  realize  by  conventional  means. 

Hole  burning  (HB)  /5, 6/  provides  in  addition  to  the  spatial  coordinates  (x,  y,  z)  the  fre¬ 
quency  (0  (and  time  t)  dimensions  and  opens  new  prospects  to  increase  the  storage  capacity  by  a 
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factor  up  to  10^  - 10^.  The  possibility  of  fully  parallel  optical  access  to  the  stored  data,  even  T  the 
information  is  partially  (or  completely)  coded  in  the  frequency  and/or  time  dimensions  /7/,  makes 
the  application  of  hole  burning  materials  for  associative  parallel  processing  especially  attractive. 

In  this  paper  we  present  a  concept  and  first  experimental  implementation  of  a  hole  burning 
optical  memory  which  is  coded  as  a  multidimensional  digital  auto-associative  interconnections 
matrix  and  which  has  error-correcting  capability.  In  our  experiments  the  memory  stores  two  12-bit 
words  (v^^^=100101 101001,  =  101000101110).  The  mathematical  algorithm  which  we  use  to 

calculate  the  associative  memory  matrix  is  discussed  in  detail  in  /8/.  The  memory  consists  of 
(12x12)  =  144  elements  and  its  content  is  shown  graphically  in  Fig.l.The  white  and  the  shaded 
squares  represent,  correspondingly,  1  and  0. 


In  the  experiment  we  use  photobuming  media  that  comprises  two  different  organic  impu¬ 
rity  molecules  (octaethylporphine  and  protoporphyrine).  The  partially  overlapping  inhomoge¬ 
neous  absorption  bands  of  the  two  impurities  gives  us  a  nearly  “flat”  absorption  frequency  interval 
of  a  width  of  about  150  cm’^  where  the  transmission  of  the  sample  (measured  before  the  write-in 
exposures)  varies  between  1%  and  2%;  at  the  working  temperature  of  2K  the  narrowest  hole- width 
is  about  0.05  cm‘^  for  both  types  of  impurities.  The  spatial  dimensions  of  the  sample  (block  poly¬ 
styrene)  are  3x3  cm  across  and  4  mm  in  thickness.  As  a  laser  source  we  use  a  picosecond  Rho- 
damine  6G  dye  laser  synchronously  pumped  by  an  Ar  ion  laser.  The  wavelength  of  the  laser  is 
tuned  in  steps  between  a  set  of  prefixed  values  within  the  150  cm’'  “flat”  spectral  storage  interval. 
The  temporal  analysis  of  the  signals  is  performed  with  a  synchroscan  streak  camera  (20  ps  time 
resolution).  E>etails  about  the  experiment  arc  given  in  /  8/. 

In  the  first  example  the  memory  matrix  is  materialized  by  using  the  coordinate  x  and  the 
frequency  oi  The  corre.sponding  2D  partition  of  the  memory  matrix  is  shown  in  Fig.  1.  The  variable 
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X  corresponds  to  12  horizontal  stripes  arranged  perpendicularly  to  the  x-coordinate  of  the  PSHB 
plate.  The  variable  O)  corresponds  to  12  different  frequencies  where  holes  are  burnt  in  the  transmis¬ 
sion  spectrum. 

To  write  in  the  memory  we  tune  the  laser  sequentially  to  12  different  bum-in  frequencies. 
At  each  frequency  the  sample  is  exposed  through  a  certain  mask  slide  (prepared  according  to  each 
of  the  rows  of  the  memory  matrix)  with  12  transparent  and  opaque  stripes  that  are  projected  upon 
the  storage  plate. 

Once  the  memory  is  stored  it  can  be  read  out  by  illumination  through  a  mask  with  a  bit 
structure  of  an  interrogating  word  and  by  measuring  the  spatially  integrated  transmission  at  the  pre¬ 
fixed  wavelengths.  The  information  contained  in  the  spectrum  can  be  obtained  either  by  using  a 
spectrally  broad  light  source  (and  measuring  the  spectrum  at  the  output)  or,  which  is  more  conve¬ 
nient  in  the  present  experiment,  by  tuning  the  laser  wavelength.  Fig.  2  schematically  illustrates  the 
read-out  procedure  and  presents  the  read-out  signal  when  the  memory  is  interrogated  through  a 
mask  resembling  one  of  the  stored  words,  but  with  two  error  bits.  The  error-free  output  is  ob¬ 
tained  after  applying  an  appropriate  thresholding  level  (dashed  horizontal  line  in  Fig.  2). 

In  the  second  example  the  memory  is  stored  by  using  four  variables:  two  orthogonal  spatial 
coordinates  (x  and  y),  frequency  O),  and  delay  x.  The  delay  corresponds  to  time-domain  hologram 
signal  (photochemically  accumulated  stimulated  photon  echo).  The  4D  partition  of  the  memory 
matrix  is  shown  in  Fig.  1. 

Formatting  of  the  memory  into  a  4D  matrix  gives  us  the  possibility  to  present  the  input  sig¬ 
nals  also  as  digital  2D  images  by  coding  them,  e.g.,  in  the  x  and  y  coordinates.  The  optical  recall 
of  the  memory  is  also  two-dimensional  and  is  coded  in  the  frequency  dimension, co,  and  in  the  time 
dimension, X. 

Fig.  3  illustrates  the  procedure  of  storing  of  the  4D  memory.  Spatial  coding  is  carried  out 
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Fig.  4 
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by  using  masks  with  precalculated  4x3  bit  binary  patterns  positioned  in  the  write-in  signal  beam. 
The  signal  beam  is  projected  upon  the  PSHB  sample  so  that  each  spatial  element  of  the  mask  co¬ 
incides  with  the  corresponding  spatial  element  of  the  hologram.  The  frequency-domain  assignment 
corresponds  to  four  different  (fixed)  wavelengths,  (tOi,  0)2, 0)3, 0)4),  accessed  by  tuning  the  dye  la¬ 
ser.  At  each  wavelength  three  time-domain  photochemically  accumulated  stimulated  photon  echo 
holograms  are  stored,  each  using  a  different  delay  value,  x,  between  the  signal  and  the  reference 
beam  (Xi=  40  ps,  T2  =  100  ps,  X3  =  180  ps).  The  reference  beam  has  a  plain  wave  front  and  it  illu¬ 
minates  uniformly  the  whole  storage  area. 

The  read-out  of  the  memory  is  carried  out  by  illuminating  the  hologram  with  the  picosec¬ 
ond  signal  beam  (reference  beam  is  blocked)  through  a  two-dimensional  interrogating  mask  ac¬ 
cording  to  the  scheme  presented  in  Fig.  4.  The  image  pattern  of  the  mask  corresponds  to  an  input 
word  with  two  error  bits.  At  the  output  of  the  memory  the  diffracted  holographic  signal  is  focussed 
on  the  entrance  slit  of  a  streak  camera.  By  the  translation  theorem  of  Fourier  transform  the  time 
delay  between  the  write-in  signal  and  the  reference  pulse  corresponds  to  multiplying  the  complex 
amplitude  transmission  coefficient  of  the  time-space  hologram  by  a  factor  of  exp(icox).  The  holo¬ 
gram  time  domain  response  measured  at  the  output  of  the  memory  reproduces  the  values  of  the 
time  delays.  Again,  for  the  puipose  of  experimental  convenience,  the  recall  of  the  hologram  at  dif¬ 
ferent  wavelengths  is  measured  sequentially  by  tuning  the  laser.  In  principle,  simultaneous  time- 
resolved  detection  of  all  spectral  components  is  also  feasible.  When  arranged  into  a  (4x3)  matrix 
so  that  the  vertical  coordinate  corresponds  to  the  frequency,  (cO],  0)2, 0)3,  0)4),  and  the  horizontal 
coordinate  corresponds  to  the  delay,  (Xj,  X2,  X3),  the  resulting  (thresholded)  read-out  data  reproduc¬ 
es  the  true  stored  2D  image. 

In  conclusion,  we  have  demonstrated  a  new  principle  of  parallel  optical  data  storage  and 
processing  by  making  use  of  the  spectral  selectivity  properties  of  hole  burning  materials.  In  the  first 
example  the  HB  media  acts  as  a  spatial-spectral  filter.  In  the  second  example  the  data  is  coded  into 
a  hologram  written  by  two  spatially,  spectrally  and  temporally  modulated  intercrossing  laser 
beams.  Holographic  scheme  has  as  an  advantage  of  a  reduced  background  signal  level  during  the 
readout  but  requires  more  complicated  memory  writing  procedure. 
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Introduction 

Neural  networks  require  two  types  of  operations;  interconnections,  which  define  how  the 
output  of  one  state  affects  the  input  of  the  next,  and  non-linear  operations,  which  relate  the 
inputs  of  a  state  to  its  output.  Interconnections,  which  require  many  signals  passing  through  the 
same  space,  are  best  performed  with  photons,  which  do  not  interact  with  one  another.  Non-linear 
operations  require  interaction  (i.  e.,  cross  products)  between  the  various  inputs  to  a  state,  and 
are  best  performed  with  electrons,  which  interact  strongly  through  their  electrical  charge.  In  a 
typical  neural  network  architecture,  almost  all  of  the  computation  required  is  associated  with  the 
interconnections,  and  only  a  tiny  fraction  is  associated  with  the  non-linear  operations  (sigmoidal 
response  or  thresholding)  performed  at  each  state. 

In  this  paper  we  will  present  an  architecture  which  uses  both  photons  and  electrons  in  a 
natural  manner  to  perform  all  the  functions  required  for  a  complete  neural  network  architecture. 
A  schematic  of  this  architecture  is  shown  in  Figime  1.  Almost  all  of  the  computations  are 
performed  optically  in  parallel,  providing  the  capability  to  implement  extremely  large  neural 
networks. 

Statement  of  the  Problem 

Conventional  3D  volume  holograms  are  unable  to  record  independent  interconnections  be¬ 
tween  pairs  of  points  in  two  fully-populated  two-dimensional  planes.  Solutions  to  this  problem, 
such  as  fractal  patterns  of  input  and  output  points,[l]  greatly  restrict  the  number  of  input  and 
output  points  which  can  be  used.  For  large  numbers  of  input  and  output  points,  only  a  tiny 
fraction  of  the  total  space-bandwidth  product  of  the  input  spatial  light  modulator  and  output 
detector  arrays  can  be  used. 

The  4D  Interconnect  Concept 

The  four-dimensional  interconnect  concept  we  have  proposed  is  able  to  completely  connect 
two  two-dimensional  input  and  output  planes.  This  concept  makes  use  of  the  three  spatial 
dimensions  available  to  volume  holograms  plus  the  fourth  dimension  of  frequency  available 
using  persistent  spectral  hole  burning  materials. 

Applications 

The  projected  capabilities  of  electronic  and  optical  technologies  to  implement  extremely 
large  neural  networks  have  been  estimated  by  a  DARPA-funded  study.  [2]  Single-  and  multichip 
electronics  are  projected  to  provide  up  to  10^  interconnects  and  10^^  interconnects  per  second. 
Optical  techniques,  including  volume  (3D)  hologram  storage  of  interconnect  values,  which  are 
less  well-developed,  are  projected  to  provide  10^®  interconnects  and  10^^  interconnects  per 
second.  The  projected  capabilities  of  our  4D  interconnect  method  exceed  these  projections  by 
several  orders  of  magnitude  (10^^  interconnects  and  10^^  interconnects  per  second).  A  number  of 
significant  applications,  including  robot  vision  and  real-time  imaging  radar  processing  will  require 
performance  similar  to  that  which  can  be  provided  by  our  neural  network.  In  addition,  most 
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living  organisms  have  estimated  capabilities  well  beyond  those  projected  for  existing  electronic 
and  optical  neural  networks.  Our  method  will  be  able  to  implement  networks  capable  of  being 
trained  to  be  at  least  as  smart  as  a  honeybee.  (Current  Cray  computers  are  estimated  to  approach 
the  intelligence  of  a  garden  slug  in  a  neural  network  configuration.) 

Recent  Experimental  Results 

SPARTA  recently  performed  an  early  experimental  verification  of  hologram  recording  and 
playback  in  a  true  volume  configuration.  This  experiment  demonstrates  optical  recording  in  an 
SHB  material  sufficiently  thick  to  provide  significant  sensitivity  to  the  reference  beam  angle  of 
incidence  during  hologram  playback.  This  sensitivity  is  necessary  to  achieve  the  high  recording 
density  required  for  both  4D  optical  interconnects  and  holographic  optical  mass  storage. 

The  holograms  were  recorded  in  a  5x5x5  mm  sample  of  polystyrene  doped  with  chlorin 
cooled  to  a  temperature  of  5K  using  a  liquid  He  cryostat,  a  copper  cold  finger,  and  a  pressed 
indium  thermal  contact.  The  recording  and  playback  were  performed  with  an  8  mW  He-Ne  laser 
illuminating  a  5  x  5  mm  area  of  a  standard  Air  Force  resolution  chart.  Approximately  0.4  mW 
of  radiation  reached  the  sample.  Holograms  with  diffraction  efficiencies  of  approximately 
were  recorded  with  exposure  times  of  8  minutes. 

The  recording  sensitivity  of  the  medium  and  the  quality  of  the  recorded  holograms  can 
be  improved  considerably  with  several  simple  changes  in  the  SHB  sample  preparation.  First, 
a  longer  heating  cycle  to  completely  dissolve  the  chlorin  in  the  polystyrene  will  reduce  the 
scattering  of  the  sample,  which  limits  the  signal  to  noise  in  the  results  shown  here.  Second,  the 
sample  of  optical  density  1.2  was  not  optimized  for  highest  hologram  reconstruction  efficiency. 
An  optical  density  of  0.8  will  produce  superior  results.  Finally,  a  narrower  laser  spectral  width 
of  icio  MHz  will  be  used  in  a  typical  system.  This  width  may  produce  as  much  as  a  factor  of 
10  X  improvement  in  sensitivity  over  the  1  GHz  width  of  the  He-Ne  laser  used  to  record  the 
holograms  in  this  experiment.  We  are  confident  the  results  of  these  improvements  will  support 
our  previous  analysis  which  predicts  a  storage  capacity  of  10^^  bits/cm^  or  10^^  interconnects 
in  a  single  hologram  recording  medium.[31 

The  experimental  setup  used  for  hologram  recording  is  shown  in  Figure  2.  Figure  3  shows 
the  original  object  and  the  reconstruction  of  a  hologram  recorded  using  this  setup. 

Summary 

In  this  paper  we  will  discuss  the  problem  with  existing  optical  interconnect  concepts,  our 
solution,  the  4D  interconnect  concept,  the  architecture  of  a  neural  network  computer  based  on 
this  concept,  the  capabilities  and  applications  of  this  concept,  and  the  most  recent  experimental 
results  of  our  ongoing  investigation. 

This  work  has  been  funded  by  the  Air  Force  Office  of  Scientific  Research  under  contract 
F49620-9 1-0-0002  and  monitored  by  Alan  Craig  of  AFOSR. 
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Figure  2.  Experimental  setup  for  hologram  recording  in  SHB  materials. 
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b.  Hologram  recorded  in  chlorin-doped  polystyrene  atSK.  Estimated  diffraction  efficiency  10“^. 
Figure  3.  Volume  hologram  recording  in  SHE  materials. 
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1.  INTRODUCTION 

Photochemically  instable  dye  molecules  in  low-temperature  polymers  are 
distributed  not  only  spatially  in  the  medium  but  also  spectrally  along  the 
axis  of  resonant  optical  transition  frequencies  and  orientationally  with 
reference  to  the  polarization  of  the  transition.  Consequently,  such 
composite  organic  materials  --  spectral  hole  burning  media  ”  --  can  be 

considered  as  novel  optical  materials  possessing  not  only  three-dimensional 
photosensitivity  but  also  sensitivity  to  the  wavelength  and  polarization  of 
the  incident  light. 

The  distribution  function  of  the  resonance  frequencies  of  dye  molecules 
determines  the  dielectric  permittivity  of  the  material  and  hence  the 

amplitude  and  phase  transmittance  of  the  sample  after  exposure  to  light. 
Exposure  to  spatially  modulated  and  pulsed,  spectrally  swept  or  otherwise 
nonmonochromatic  polarized  light  gives  rise  to  a  four-dimensional 
anisotropic  hole,  or  grating  pattern,  in  the  distribution  function. 
Consequently,  the  function  determines  the  temporal  behaviour  of  the  linear 
Impulse  response  of  the  sample  (pulse-excited  macroscopic  polarization  or 
free  induction  decay  in  ter^n^  of  optical  transients;  time-domain  diffraction 
in  terms  of  Fourier  optics)  ’  .  On  this  basis  common  holography  has  been 
generalized,  which  results  in  a  holography  that  precisely  corresponds  to  the 
exact  meaning  of  the  term  --  "complete  recording"  ,  i.e.  it  results  in  a  4-D 
holography  where  the  restored  light  fields  are  completely  identical  to  the 

stored  ones  and  play^  ^ack  both  spatial  and  temporal  dependences  of  the 

object  field  vector  '  .  Time-domain  holography  and  time-domain 
frequency-selective  data  storage,  based  upon  transient  stimulated  photon 
echoes,  which  allow^  ^gio^ persistent  storage,  are  considered  in  a  number  of 
papers,  see  e.g.  ’  The  essentials  of  4-D  holography  or 

time-and-space-domain  holography  are  discussed  briefly  in  Sec. 2 

By  making  use  of  spi^cial  features  of  4-D  holograms  (originating  from 

causality  principle,  see  )  and  controlled  time-domain  interference  of 
accumulated  photon  echoes,  the  method  of  a  segmentwise  storage  and 
reconstruction  of  light  signals  in  predetermined  time  interval  has  been 
demonstrated.  These  results  and  discussion  about  some  other  potential 
applications  of  photon  echo  interference  are  presented  in  Sec. 3. 

In  much  the  same  way  as  spatial  shaping  of  a  light  beam  can  be 

accomplished  by  a  klnoform  ,  spectral  hole  burning  media  can  be  used  for 

temporal  shaping  of  ultrashort  pulses.  The  results  on  an  experimental 
realization  of  time-domain  kinoform  shapers  and  theoretical  analysis  of 
pulse  shaping  by  isotropic  and  anisotropic  spectral  filters  appear  in  Sec. 4. 

2.  4-D  HOLOGRAPHY  OF  VECTOR  FIELD  OPTICAL  SIGNAL 

In  the  general  setup  of  4-D  holography  the  reference  and  object  pulses, 
which  i^r^^  not  overlapping  in  time,  are  incident  on  the  sample  in  an  off-axis 
scheme  By  means  of  selective  excitation  of  the  molecules  inside  the 
Inhomogeneously-broadened  absorption  band  and  photoburning  of  spectral 
holes,  after  the  exposure  the  Fourier-spectrum  of  the  incident  radiation  is 

recorded  in  every  X-sized  spot  of  the  sample,  due  to  the  modulation  of  the 
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complex  permittivity  of  the  latter.  The  original  temporal  and  spatial 
dependences  of  the  signal  beam  are  restored  by  a  delayed  scattering  of  the 
readout  laser  pulse  from  the  resulting  spectral  hologram.  If  the  incident 
field  is  not  polarized,  then  in  spite  of  the  absorbing  molecules  of  the 
photochromic  plate  being  orientated  at  different  angles  Q,  the 
hologram-grating  in  the  isotropic  medium  still  remains  isotropic.  If  the 
incident  field  is  polarized,  the  process  of  hologram  formation  through 
^ectrally-selective  photobleaching  is  governed  by  the  spectral  amplitude 
A(^,(i))  of^the  p^ir  of  pulses  ewen  by  the  Fourier  transformation  of  the  sum 
X(r,t)=s(r,t)+^(r,t),  where  Mr,t)  is  object  (signal)  pulse  of  arbitrai^ily 
time-and-space-dependent  amplitude,  phase  and  polarization  state,  and  R(r,t) 
is  a  short  (6-like  in  comparision  with  signal)  planewave  r^fe^ence  puli^. 
The  probability  of  photobleaching  is  proportional  to  |A(r,{o)-e^|  ,  where  e^ 

Is  the  unit  vector  along  the  axis  of  the  dipole  momentum.  As  a  direct 
consequence  of  the  latter,  anisotropy  of  the  complex  permittivity  and  that 
of  the  transmittance  of  the  hologram  plate  appears.  The  polarization  state 
of  the  reconstructed  wave  in  its  turn  is  governed  by  the  polarization  of  the 
reading  pulse  and  the  induced  anisotropy  of  the  complex  transmittance  of  the 
hologram.  A  theoretical  examination  has  revealed  that  the  object  wave  is 
completely  restored  including  its  original  variations  of  the  polarization 
state,  if  the  reference  and  read-out  pulses  are  of  the  same  state  of 
circular  polarization.  Here  the  conjugated  signal  appears  in  case  of 
counterrotating  circular  polarization.  A  detailed  derivation  and 
interpretation  of  general  formulae  for  4-D  holography  of  vector  fields  is 
given  in”’  .  An  experimental  approvement  of  the  theoretical  conclusions 

including  complete  polarization-preserving  phase  conjugation  and^  time 

reversal  of  an  arbitrarily  polarized  pulsed  optical  signal  is  presented  in  . 

3.SEGMENTWISE  STORAGE  IN  4-D  HOLOGRAPHY  BY  THE  INTERFERENCE  OP 
ACCUMULATED  PHOTON  ECHOES 

Standard  procedure  of  4-D  holography  allows  us  to  record  temporal 
behaviour  of  ultrafast  events.  During  reconstruction  the  part  of  the  signal 
event,  incident  onto  the  frequency-selective  sample  before  the  reference 
pulse,  is  restored  as  a  conjugated  wave  ^nd  the  part,  incident  after  the 
reference  pulse  is  played  back  directly  .  These  parts  can  easily  be 

separated  and  thus  we  can  tell  that  spectral  hologram  can  distinguish 
between  "future"  and  "past".  Quite  logically  the  following  problem  arises; 
can  a  shorter  segment  be  separated  from  a  signal  to  be  recorded  by  ^eans  of 
time-and-space-domain  holography?  As  shown  theoretically  and 

experimentally,  it  is  possible.  In  order  to  accomplish  such  a  separation  one 
has  to  record  a  double-exposure  spectral  hologram  by  applying,  in  successive 
exposures,  different  reference  pulses  incident  onto  the  sample  in  slightly 
different  directions  and  at  different  delays  t^  and  t^  with  respect  to 

signal  pulse.  Experimental  streak-camera  traces  of  model  signal  and 
reference  pulses  are  depicted  in  Fig. la  and  b.  Applying  now,  during 
reconstruction,  both  reference  pulses  simultaneously  to  the  multiplex 
spectral  hologram  ,  at  the  output  of  the  hologram  one  can  observe 
simultaneously  the  responses  of  both  holograms  which,  starting  from  the 
moment  t^,  interfere.  As  the  two  reference  pulses  are  separated  spatially 

one  can  easily  control  their  mutual  phase.  If  there  is  no  extra  phase-shift 

between  read-out  pulses,  constructive  interference  appears  (Fig.lc).  If  an 
extra  delay  of  X/2  is  introduced  into  the  path  of  one  of  the  read-out 
pulses,  at  the  output  of  the  hologram  only  a  segment  of  the  signal  with 
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Fig.l.  Streak-camera  traces  of:  original  signal  pulse  sequence  (a),  pair 
of  reference  (or  readout)  pulses  (b),  constructive  (c)  and  destructive  (d) 
interference  pattern  of  reconstructed  signals. 


duration  from  t^  to  t^  appears,  see  Fig. Id.  In  doing  so  the  part  preceeding 

the  first  reference  pulse,  is  cut  off  due  to  the  general  quality  of  spectral 
holograms,  while  the  part  after  the  second  reference  pulse  vanishes  due  to  a 
destructive  interference  between  the  signals  from  both  reference  pulses. 
Variation  of  the  phase  delay  between  the  two  restored  signals  allows  us  to 
control  the  interference  phase. 

Further  analysis  reveals  that  utilization  of  the  reading  pulses 
counterpropagating  the  reference  ones  allow  also  the  observation  of  the 
interference  between  the  phase-conjugated  replicas  of  the  signal  pulse  and 
the  recall  of  its  phase-conjugated  segments.  Concerning  other  possible 
applications,  controlled  interference  of  accumulated  photon  echoes  enables 
oneto  perform  operations  of  addition  and  subtraction  of  vectorial  functions 
and,  in  principle,  allows  the  formation  of  polarized  light  pulses  of  pico- 
and  femtosecond  scale  with  the  shapes  determined  by  the  linear  combination 
of  vector  functions  with  phase-sensitive  multipliers. 

4.  OPTICAL  PULSE  SHAPING  BY  LINEAR  SPECTRAL  FILTERS 

Spectral  hole-burning  serves  also  as  a  unique  method  of  "engineering" 
the  absorption  spectrum  of  an  optical  material.  By  a  preprogrammed  tuning  of 
monochromatic  irradiation  over  a  relevant  spectral  range  of  photochromic 
material  one  can  design  a  filter  with  a  predetermined  absorption  spectrum  of 
a  complex  shape.  If  a  short  laser  pulse  is  passed  through  such  a  synthesized 
linear  spectral  filter,  it  is  modified  according  to  the  filter 

amplitude-frequency  and  phase-frequency  characteristics,  and  its  temporal 
shape  is  ^ge^^rmined  by  the  Fourier  transformation  of  the  filter  frequency 
response.  ’  As  one  can  see  from  the  model  experiments  carried  out  with 
isotropic  spectral  filters  in  picosecond  time  scale  (see  Fig. 2),^^  the 

measured  curves  fit  well  with  the  responses  calculated  from  actual 
transparency  spectra  (via  Hilb^gt  and  Fourier  transformations). 

Recent  theoretical  analysis  has  revealed  that,  as  the  possibilities  of 
forming  continuous  spectral  profiles  of  refractive  index  (phase  response  of 
the  filter)  are  restricted  by  the  Hilbert  transformation  (dispersion 


ThB3-4  /  35 


relations),  light  pulses  of  an  arbitrary 
temporal  shape  cannot  be  formed  by 
isotropic  spectral  filters.  Only  the 
pulses  with  the  rising  rear  part  intensity 
are  allowed.  To  overcome  this  restriction 
anisotropic  spectral  filters  an^^  polarized 
input  pulses  have  to  be  utilized  . 

By  combining  the  temporal  shaping 
proposed  within  the  common  kinoform 
approach,  one  obtains  a  time-invariant 
scanner  in  which  not  only  the  direction  of 
the  output  beam  but  also  the  spot  shape 
and  polarization  are  time-dependent. 

It  has  been  shown  theoretically  that  in 
an  optically  thick  sample  the  shape  of  the 
temporal  response  of  the  spectral  hole 
filter  is  determined  b^^  the  pecularities 
of  the  burning  process^  .  The  effect  has 
also  been  studied  experimentally  and 
considered  for  4-D  holography. 


Fig. 2. Transparency  spectrum  of 
the  filter  T(At»)  (p  =16140cm’  , 
upper  insert);  respective 
streak-camera  image  (upper  main 
frame),  calculated  response 
I  (t)  (bottom). 
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Introduction 

Each  dye  molecule  embedded  in  an  amorphous  material  such  as  a  a  polymer  host 
experiences  a  specific  molecular  environment  which  strongly  influences  its  electronic 
transition  energies.  At  low  temperatures  the  different  microenvironments  result  in  an  in- 
homogeneously  broadened  absorption  band.  The  invention  of  the  laser  brought  new 
spectroscopic  techniques  based  on  energy  selection,  such  as  fluorescence  line  narrow¬ 
ing  and  spectral  hole-burning  [1].  These  techniques  enable  convenient  addressing  of 
thousands  of  molecular  subsets  selected  by  their  transition  energy. 

Holographic  Image  Storage 

Combining  spectral  holeburning  with  holography  [2]  has  led  to  frequency  and  elec¬ 
tric  field  selective  image  storage  [3,  4],  allowing  for  the  storage  of  up  to  thousands  of  im¬ 
ages  within  a  single  piece  of  polymer  film.  In  a  typical  experimental  set-up  [3]  the  beam 
of  a  tunable  single  mode  dye  laser  is  split  into  reference  and  object  beams  and  a  holo- 


Fig.  1  Storage  of  100  images  within  a  single  wavenumber.  The  integrated  diffraction 
efficiency  is  plotted  as  a  function  of  the  read-out  parameters:  electric  field  and  laser 
frequency.  Each  peak  corresponds  to  a  stored  image. 
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gram  is  formed  by  exposing  the  sample  to  the  interference  pattern  formed  by  spatially 
overlapping  the  two  beams.  Images  of  size  50x50  mm  are  introduced  into  the  object 
beam  either  as  slides  or  by  using  a  liquid  crystal  TV.  They  are  focussed  on  the  photo¬ 
cathode  of  a  video  camera.  For  retrieval  the  sample  is  illuminated  by  the  refp'‘er.we  oeam 
alone.  The  addressing  of  the  individual  images  is  performed  by  adjusting  the  laser  fre¬ 
quency  and  the  electric  field  to  the  values  used  during  recording.  The  image  information 
is  displayed  on  a  video  monitor  and  the  integrated  diffraction  efficiency  is  measured  by  a 
photomultiplier. 

An  electric  field  applied  to  the  sample  represents  a  new  storage  dimension  and  fur¬ 
ther  increases  the  storage  capacity  [5].  In  Fig.  1  the  storage  of  100  holograms  in  the  ab¬ 
sorption  spectrum  of  chlorin  (2.3-dihydroporphyrin)  in  polyvinylbutyral  is  presented.  A 
wavelength  range  as  small  as  a  single  wavenumber  in  combination  with  an  electric  field 
range  of  +/-100kV/cm  was  used.  Each  of  the  peaks  represents  the  integrated  diffraction 
efficiency  of  a  stored  image.  Typical  images  corresponding  to  individual  peaks  were  re¬ 
corded  with  the  video  camera  and  are  shown  in  Fig  2. 


Fig.  2  Images  demonstrating  the  spatial  resolution  and  grey  scale  capabilities  of  the 


recording  medium. 

Superposition  of  Images 

The  frequency  -  electric  field  plane  allows  pairs  of  holograms  to  be  stored  in  differ¬ 
ent  combinations,  they  can  be  burned  either  with  a  small  frequency  separation  at  the 
same  electric  field  strength  or  at  the  same  burning  frequency  at  slightly  different  electric 
field  strengths  (Fig  3).  The  separation  of  the  burning  coordinates  is  choosen  such  that 
the  hole  contours  overlap  within  an  accessible  frequency  and  electric  field  range.  In  Fig  3 
the  maxima  of  the  Stark  components  are  indicated  by  dashed  lines  and  the  burning  coor¬ 
dinates  are  represented  by  filled  circles.  At  the  burning  coordinates  the  stored  images 
can  be  reconstructed  separately.  At  the  regions  where  the  dashed  lines  intersect, 
marked  by  squares  in  Fig.  3,  the  phase  properties  of  the  holograms  must  be  taken  into 
account.  In  fig.  2  the  result  of  image  superposition  is  shown.  The  images  were  recorded 
at  different  values  of  the  electric  field,  Ei  and  E2,  at  the  laser  frequency,  v.  A  horizontal 
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bar  was  stored  at  the  position  (v,  Ei)  and  a  vertical  bar  at  (v,  E2).  Both  images  can  be  re¬ 
constructed  individually  by  adjusting  the  experimental  parameters  used  during  recording. 
The  superposition  of  the  images  can  be  reconstructed  at  the  frequency,  vi  or  V2,  and  ‘he 
electric  field,  {Ei+E2)/2. 

The  results  of  the  image  superposition  are  shown  in  Fig  3  for  phase  differences  of  0 
and  71.  Constructive  interference  (phase  difference  0)  leads  to  an  increase  of  the  image 
intensity  in  regions  where  the  images  overlap  -  the  images  are  added.  Destructive  inter¬ 
ference  (phase  difference  n)  results  in  a  “subtraction"  of  the  images  [6,7,8].  Logical  oper¬ 
ations  corresponding  to  AND  or  XOR  functions  can  be  derived  with  appropriate 
discrimination.  In  Fig.  4  the  use  of  destructive  interference  for  the  implementation  of  a 
parallel  XOR  processor  is  shown  [9].  The  images,  (a,b),  corresponding  to  bit  patterns 
have  been  stored  according  to  Fig.  3  at  different  electric  field  strengths.  The  experimen¬ 
tal  result  of  the  destructive  interference  is  given  in  (c)  and  after  discrimination  in  (d).  It 
corresponds  to  a  parallel  XOR ‘operation  of  the  initially  stored  bit  patterns. 


frequency  and  the  electric  field  at  different  values  of  the  electric  field  (Ei ,  E2).  The 
recording  parameters  are  indicated  by  circles.  Due  to  the  Stark  splitting  of  the 
spectral  holes  the  holograms  are  made  to  overlap  at  the  regions  indicated  by  the 
squares.  The  reconstructed  images  show  the  result  of  the  superposition:  con¬ 
structive  interference,  when  a  phase  difference  of  zero  was  adjusted  and  destruc¬ 
tive  interference  when  a  phase  difference  of  7t  was  chosen  during  the  initial 
recording  of  the  holograms. 
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(a)  (b) 


(c)  (d) 

Fig.  4  Logical  operations  by  superposition  of  images.  Destructive  interference  (c)  is 
used  to  perform  a  “XOR"  operation  (d)  of  the  stored  bitpatterns  (a.b). 

Whereas  electronic  processing  ot  data  is  based  on  the  properties  ot  electrons  in  an 
electric  field,  the  molecular  processor  introduced  here  relies  on  spectroscopic  properties 
-  the  behavior  of  molecular  energy  levels  in  an  electric  field.  The  molecular  system  itself 
becomes  a  parallel  information  processor  -  a  molecular  computer. 
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As  an  image-bearing  wave  traverses  a  scattering  medium,  the  phase  of  the 
wave  becomes  severely  distorted.  Although  most  of  the  light  is  multiply  scattered,  a 
small  fraction  of  the  light  will  be  scattered  much  less  than  average,  and  so  may  still 
contain  information  about  the  original  incident  wave  front.  Because  this  barely- 
scattered  light  is  extremely  weak,  it  is  usually  overwhelmed  by  the  multiply- 
scattered  light,  so  that  no  image  can  be  observed  by  eye.  Note,  however,  that  the 
wave  that  is  barely  scattered  (or  not  scattered  at  all)  travels  a  shorter  path  to  the 
observer's  eyes  than  does  the  multiply-scattered  part  of  the  wave.  If  the  original 
image-bearing  beam  is  an  ultrashort  pulse,  then  in  principle,  by  replacing  the  eye 
with  a  fast,  time-resolving  detector,  one  could  discriminate  between  the  unscattered, 
image-containing  part  of  the  transmitted  light  and  the  multiply-scattered 
background  light.  One  might  use  this  technique  to  observe  objects  embedded  in  a 
strongly  scattering  medium,  such  as  living  tissue,  if  only  a  fast  enough  "shutter" 
could  be  developed  to  cut  off  the  strong  background  of  scattered  light. 

Recently  streak  cameras  have  been  employed  to  study  ultrashort  laser  pulses 
passed  through  a  scattering  medium  and  to  discriminate  in  time  between  the 
multiply-scattered  light  and  the  less-scattered  light  /!/.  However,  streak  cameras 
have  a  limited  temporal  resolution  and  do  not  allow  two-dimensional  imaging.  An 
alternative,  two-dimensional  holographic  technique  was  recently  used  to  produce 
shadowgrams  of  objects  embedded  in  a  scattering  medium  /2/.  This  "holographic 
shutter"  operates  by  interfering  a  short  reference  pulse  with  the  signal  wave.  The 
arrival  time  of  the  reference  pulse  is  adjusted  to  coincide  with  the  arrival  time  of 
the  unscattered  portion  of  the  image-bearing  wave  at  the  hologram  recording  plane, 
which  was  an  electronic  CCD  camera.  However,  in  this  case  increasing  the  temporal 
resolution  inevitably  decreases  the  physical  overlap  region  and  consequently  the 
spatial  information  content  of  the  final  image. 

Here  we  demonstrate  that  recording  time-and-space-domain  holograms  in  a 
persistent  spectral  hole  burning  (PSHB)  medium  /3-7/  can  serve  as  a  universal" 
time  shutter"  with  sub-picosecond  time  resolution.  We  use  this  technique  to  image 
through  a  scattering  medium  based  on  the  arrival  time  of  various  portions  of  the 
incident  light  at  the  holographic  medium.  In  our  case  the  spatial  image  quality  does 
not  degrade  if  the  coherence  length  of  the  illuminating  laser  pulses  is  decreased. 
Clear  images  are  obtained  even  if  the  wave  fronts  of  the  signal  and  the  reference 
pulses  do  not  overlap  in  time  in  the  PSHB  medium. 

The  basic  principle  of  time-and-space-domain  holography  can  be  explained  by 
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a  simple  model  of  holographic  temporal  recall  given  by  Longuet-Higgins  /8/. 
Consider  a  holographic  recording  material  consisting  of  a  bank  of  lightly-damped 
resonators,  with  each  resonator  tuned  to  a  slightly  different  frequency.  In  the  case  of 
the  PSHB  medium,  each  resonator  corresponds  to  the  homogeneously-broadened, 
purely  electronic,  zero-phonon  line  of  the  photochemically  active  impurity,  while 
the  bank  of  resonators  is  equivalent  to  the  inhomogeneously  broadened  ensemble 
of  such  lines.  Consider  two  optical  beams  F  and  G  incident  on  a  PSHB  holographic 
recording  medium,  and  let  the  two  beams  each  consist  of  a  light  pulse  of  finite 
duration.  The  bank  of  resonators  records  the  interference  pattern  of  two  pulses  F 
and  G  even  if  the  pulses  are  never  present  in  the  material  at  the  same  time.  The 
optical  electric  field  of  the  first  light  pulse  excites  the  resonators,  which  then 
continue  to  "ring"  each  at  their  own  natural  frequency.  The  optical  electric  field  of 
the  second  light  pulse  then  transfers  energy  either  into  or  away  from  each  resonator 
depending  on  the  relative  phase  between  the  resonator's  oscillation  and  the  electric 
field  of  the  second  pulse.  Due  to  the  photochemical  bleaching  of  the  PSHB  medium, 
the  transfer  of  energy  into  a  resonator  decreases  its  subsequent  absorption  by  an 
amount  proportional  to  the  energy  absorbed.  Later,  when  the  hologram  recording 
process  is  complete,  this  alteration  can  be  read  out  by  a  third  laser  pulse,  which 
causes  any  absorbing  resonators  to  re-emit.  For  the  case  of  a  PSHB  medium,  such  a 
response  has  been  given  the  name  "photochemically  accumulated  stimulated 
photon  echo"/5/.  If  pulse  F  arrives  to  seconds  before  pulse  G,  then  reading  the 
resulting  "hologram"  with  a  read-out  light  pulse  identical  to  pulse  F  will  produce, 
after  a  delay  time  of  to,  a  replica  of  pulse  G  (especially  if  pulse  F  is  much  shorter  in 
duration  than  pulse  G).  This  resembles  the  geometry  of  conventional  off-axis 
holography,  where  a  reference  beam  is  used  to  reconstruct  a  virtual  image  of  the 
original  object.  However,  if  the  material  is  sufficiently  thick,  the  reading  of  the 
hologram  with  pulse  G  will  not  reproduce  pulse  F.  The  hologram  knows  the 
direction  of  time's  arrow:  an  early  pulse  will  reproduce  a  later  pulse,  but  not  the 
other  way  around.  By  using  a  slightly  different  geometry  to  read  the  hologram  one 
can  instead  reproduce  the  earlier  information  and  cut  off  the  later  information. 

In  our  experiment  the  recorded  scene  consisted  of  two  objects  (Fig.  1). 


The  nearby  object  was  a  1.0-mm  thick  glass  slide  with  the  letters  "HOLO"  attached  to 
its  front  surface.  The  distant  object  was  a  white  paper  screen  carrying  the  letters 
’GRAM",  which  was  pressed  against  the  back  of  the  transparent  slide,  so  the 
separation  between  the  two  objects  was  about  1  mm.  In  order  to  increase  the 
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amount  of  light  scattered  by  the  slide,  its  front  surface  was  coated  with  a  frosting 
aerosol  spray.  The  slide  was  illuminated  from  the  front  by  light  pulses  from  a 
synchronously-pumped  picosecond  dye  laser.  Of  the  scattered  light  from  the  slide 
reaching  the  hologram  recording  sample  (a  polystyrene  block  doped  with 
protoporphyrin,  cooled  to  2°  K),  about  80%  came  from  the  front  sprayed  surface  of 
the  slide,  and  only  20%  came  from  the  rear  surface.  If  one  viewed  by  eye  the  laser- 
illuminated  slide  from  the  position  of  the  polystyrene  block  one  could  clearly  read 
the  letters  "HOLO",  but  the  intense  glare  from  the  front  surface  almost  completely 
obscured  the  letters  "GRAM"  located  near  the  back  of  the  slide. 

Light  from  the  laser  reached  the  front  of  the  slide  5  picoseconds  before  it 
reached  the  back  of  the  slide.  Consequently,  light  from  the  front  of  the  slide 
(containing  the  letters  "HOLO")  reached  the  storage  medium  10  picoseconds  (twice 
the  glass  travel-through  time)  before  the  light  from  the  back  of  the  slide  (containing 
the  letters  "GRAM").  Further  details  about  the  experiment  are  listed  in  /8/.  Read¬ 
out  of  the  holograms  was  performed  by  blocking  the  light  coming  from  the  object 
and  illuminating  the  hologram  with  only  the  reference  beam.  Light  Bragg-scattered 
by  the  hologram  contained  a  virtual  image  of  the  original  scene,  and  this  image  was 
viewed  by  eye  and  recorded  by  a  camera.  The  intensity  of  the  reference  beam  was 
decreased  during  read  out  to  reduce  bleaching  of  the  storage  medium,  and  thereby 
prolong  the  viewing  time  of  the  hologram  to  tens  of  minutes.  In  the  dark  the 
holograms  last  for  as  long  as  the  sample  is  kept  cold. 

Figure  2a  shows  the  reconstructed  image  when  the  hologram  was  recorded 


using  a  reference  beam  that  arrived  a  few  picoseconds  before  any  of  the  light  from 
the  glass  slide.  The  letters  HOLO  on  the  front  of  the  slide  are  plainly  visible,  but  the 
glare  from  the  front  of  the  slide  all  but  obscures  the  letters  GRAM  located  near  the 
back  of  the  slide.  Figure  2b  shows  the  reconstructed  image  when  the  reference  beam 
pulse  was  set  to  arrive  after  light  from  the  distant  object  but  before  the  light  from  the 
nearby  object.  Now  only  the  distant  object  is  reconstructed,  and  the  nearby  object 
has  been  eliminated  from  the  scene.  We  emphasize  that  the  light  from  these  objects 
need  not  arrive  at  the  polystyrene  block  at  the  same  time  as  light  in  the  reference 
pulse  in  order  for  the  hologram  to  be  recorded.  In  fact,  because  the  coherence  time 
of  the  light  pulses  is  only  0.5  ps,  and  because  we  set  the  reference  beam  to  arrive  at 
the  storage  medium  about  5  ps  before  the  light  from  the  back  of  the  slide,  the 
reference  and  the  object  beams  could  not  have  produced  a  conventional  intensity 
interference  pattern  in  the  storage  medium.  The  maximum  time  delay  allowed 
between  the  object  and  the  reference  beams  is  determined  by  the  phase  decay  time  of 
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the  material  which  was  72  =  10^  ps  for  our  sample. 

The  time  resolution  of  the  "shutter"  is  limited  in  our  experiment  by  the 
coherence  time  of  the  laser  pulses.  For  laser  pulses  become  shorter  than  ~70 
femtoseconds,  the  inhomogeneous  bandwidth  becomes  the  limiting  factor.  One 
way  to  overcome  this  limitation  is  to  use  a  PSHB  medium  with  a  broader 
inhomogeneous  bandwidth,  or  to  prepare  composite  samples  by  combining 
impurities  that  absorb  at  different  wavelengths.  Note  also  that  the  light  pulses  need 
not  be  short  in  the  time  domain.  The  sharpness  of  the  shutter's  temporal  edge  is 
determined  not  by  the  duration  of  the  light  pulses  but  by  the  inverse  of  their  spectral 
bandwidth.  Frequency-chirped  pulses  or  even  a  frequency  scanning  continuous- 
wave  laser  could  be  used  to  record  spatial  and  temporal  holograms. 

In  the  experiment  reported  here  we  were  able  to  selectively  display  those 
objects  that  sent  light  to  the  hologram  after  the  reference  pulse  had  arrived. 
However,  for  some  applications,  such  as  imaging  objects  embedded  inside  a 
scattering  medium,  it  is  desirable  to  do  the  opposite,  and  so  recreate  light  that 
arrived  before  the  reference  pulse.  This  selection  of  early  light  over  late  light  can  be 
accomplished  by  simply  altering  the  direction  of  the  read-out  beam  used  in  the 
experiments  above.  Instead  of  using  a  read-out  beam  that  is  in  the  same  direction  as 
the  reference  beam,  one  should  use  a  read-out  beam  that  is  directed  exactly  opposite 
to  the  direction  of  the  original  reference  beam.  (Also  the  phase  front  of  the  read-out 
beam  should  be  a  phase-conjugate  replica  of  the  phase  front  of  the  reference  beam). 
This  is  the  "four-wave  mixing"  geometry  used  in  traditional  phase  conjugation 
experiments,  and  it  will  produce  a  real,  phase  conjugate  image  of  the  original  object 
/lO/.  However,  in  contrast  to  phase  conjugation  using  a  conventional  nonlinear 
medium,  with  the  spectral  hole  burning  medium  only  these  portions  of  the  object 
that  arrive  before  the  reference  beam  will  be  reconstructed  in  the  final  image.  We 
point  out  that  this  scheme  requires  a  large  dynamic  range  for  the  spectral  hole¬ 
burning  medium  if  the  scattered  light  is  much  stronger  than  the  unscattered  light. 
We  estimate  that  shadowgrams  with  contrast  as  small  as  1/1000  of  the  background 
light  intensity  could  be  seen  using  this  technique.  Experiments  to  demonstrate  such 
selective  imaging  are  in  progress. 
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1.  Introduction 

In  addition  to  its  importance  for  the  optical  spectroscopy  of  solids,  photochemical  spectral 
hole  burning  (PSHB)  has  attracted  great  interest  due  to  its  potential  use  in  high  density  optical 
data  storage  [1].  By  encoding  information  as  a  function  of  frequency  an  enormous  increase  in 
storage  is  possible  compared  to  conventional  optical  storage  materials.  The  most  optimistic  esti¬ 
mates  predict  an  increase  given  by  the  ratio  of  the  inhomogeneous  linewidth  to  the  homogeneous 
linewidth  of  the  optical  transition  responsible  for  hole  burning.  Until  now,  however,  there  have 
been  relatively  few  investigations  of  the  practical  limitations  to  storing  a  large  number  of  spectral 
holes  [2,3J.  We  describe  here  a  recent  exjjeriment  in  which  2000  grayscale  images  were  success¬ 
fully  recorded  as  holograms  in  the  PSHB  material  chlorin  in  polyvinylbutyral.  In  holographic 
spectral  hole  burning  the  relative  phase  of  the  interfering  light  waves  used  to  prepare  the  holo¬ 
gram  has  a  strong  influence  on  diffraction  properties  and,  hence,  on  crosstalk  between  adjacent 
holograms  [4].  By  controlling  the  phase  and  frequency  during  burning  in  a  novel  manner,  we  have 
minimized  crosstalk  between  the  stored  images. 

2.  Experimental  details 

The  experimental  setup  is  illustrated  in  Figure  1.  The  chlorin-doped  polymer  film  was  pre¬ 
pared  as  described  previously  [5].  The  65  p.  thick  sample  was  held  between  transparent  electrodes 
in  a  liquid  helium  bath  cryostat  at  1 .7  K.  Two  thousand  video  frames  were  digitized  from  an  ani¬ 
mated  film  and  stored  as  512  x  512  x  8  bit  deep  grayscale  images  on  a  real-time  magnetic  disk. 
Under  the  control  of  a  Sun  4/330  computer  each  image  was  displayed  on  an  LCD  TV  positioned 
in  the  object  beam.  A  polarizer  positioned  after  the  LCD  TV  resulted  in  an  amplitude-modulated 
object  wave  which  was  recorded  holographically  by  interference  with  the  plane-wave  reference 
beam  inside  the  sample. 

A  tunable  dye  laser  (Coherent  autoscan  899)  running  in  single-frequency  mode  with  the 
laser  dye  sulforhodamine  B  was  used  to  store  the  holograms.  Holograms  were  burned  for  4  sec¬ 
onds  using  approximately  150  pW  /  cm^  of  laser  power  in  each  beam.  During  burning  the  laser 
frequency  was  linearly  swept  over  a  range  of  1.5  Ghz  about  the  average  burning  frequency.  Si¬ 
multaneously,  the  phase  of  the  object  beam  was  linearly  swept  by  2Tt  radians  by  moving  a  mirror 
with  a  piezoelectric  translator  as  shown  in  Figure  1.  This  technique  minimizes  crosstalk  as  dis¬ 
cussed  below. 

By  applying  an  electric  field,  the  zero  phonon  lines  of  the  impurities  undergo  Stark  split¬ 
ting,  providing  an  additional  technique  for  increasing  the  storage  density  [5].  At  each  frequency 


ThC3-2  /  47 


five  holograms  were  stored  at  evenly  spaced  electric  field  values  on  the  range  -150  kV/cm  to 
-t-150  kV  /  cm.  After  recording  a  group  of  images,  the  laser  frequency  was  increased  by  10  Ghz 
and  the  next  group  of  five  images  was  recorded.  In  this  fashion,  2000  images  were  recorded  in 
4000  Ghz  (133  cm‘^)  between  631.1  and  636.5  nm  under  total  computer  control. 

During  readout  the  object  beam  was  blocked  and  the  reference  beam  was  used  to  holo¬ 
graphically  reconstruct  the  object  wave.  After  selecting  the  appropriate  laser  frequency  and  elec¬ 
tric  field  combination,  the  read-out  image  was  detected  using  a  CCD  camera  and  digitized  for 
later  analysis. 


Figure  1.  The  experimental  setup 
used  for  holographic  image  stor¬ 
age  and  readout.  A  static  electric 
field  is  applied  to  the  sample  by  a 
high  voltage  source,  HV.  During 
recording  an  image  is  displayed 
with  the  LCD  TV,  resulting  in  an 
amplitude-modulated  object 
beam.  The  phase  of  this  beam  is 
swept  during  burning  using  a  pi¬ 
ezoelectric  translator,  PZT.  For 
readout  the  hologram  is  recon¬ 
structed  using  only  the  reference 
wave  by  closing  shutter  S I  and 
opening  shutters  S2  and  S3.  Final¬ 
ly,  a  video  digitizer  records  the  re¬ 
constructed  image  detected  by  a 
CCD  camera. 


3.  Results 

Figure  2  shows  the  improved  characteristics  of  spectral  holes  recorded  by  sweeping  phase 
and  frequency  as  described  above.  The  dashed  curve  shows  the  diffraction  efficiency  vs.  frequen¬ 
cy  for  a  hole  recorded  by  burning  at  a  single  frequency.  The  solid  curve  shows  the  diffraction  effi¬ 
ciency  for  a  hole  burned  by  sweeping  the  phase  of  the  object  beam  while  simultaneously 
sweeping  the  laser  frequency  over  a  1  Ghz  range.  The  total  light  exposure  was  the  same  in  both 
cases.  The  ‘swept’  hole  has  steeper  edges  and  less  intense  wings  than  the  simple  hole.  This  per¬ 
mits  holograms  to  be  stored  closer  together  by  reducing  crosstalk.  A  detailed  analysis  of  the  burn¬ 
ing  technique  will  be  presented  elsewhere  [6].  We  emphasize  that  merely  sweeping  the  laser 
frequency  while  burning  is  insufficient  to  produce  these  effects.  The  phase  of  the  object  wave  rel¬ 
ative  to  the  reference  wave  must  be  controlled  as  well  [4]. 


48  /  ThC3-3 


Figure  2.  Comparison  of  the  holo¬ 
graphic  efficiency  of  a  spectral 
hole  burned  at  a  single  frequency 
(dashed  curve)  with  a  hole  burned 
by  sweeping  the  laser  frequency 
over  a  range  of  1 .0  Ghz  about  the 
hole  middle  while  sweeping  the 
phase  of  the  object  beam  by  2n  ra¬ 
dians  (solid  curve).  The  swept 
hole  has  significantly  less  intensi¬ 
ty  in  the  wings,  reducing  the 
amount  of  crosstalk  between  spec¬ 
trally  adjacent  holograms. 

-5.0  -2.5  0.0  2.5  5.0 

Relative  laser  frequency  /  Ghz 

In  Figure  3,  a  single  recalled  image  is  reproduced  together  with  the  image  originally  trans¬ 
mitted  by  the  object  beam.  The  latter  image  provides  an  indication  of  the  imaging  quality  in- 
herenet  in  the  optical  setup.  Clearly,  the  quality  of  the  read-out  image  is  excellent  when  compared 
to  the  original  object  wave.  There  is  no  evidence  of  crosstalk  from  neighboring  images.  Although 
the  stored  images  span  most  of  the  inhomogeneously  broadened  absorption  band  of  the  chlorin 
impurity  molecules,  we  saw  no  evidence  that  the  burning  of  additional  holes  had  any  effect  on 
previously  recorded  holes.  Two  material  parameters  which  are  significant  in  this  respect  are  the 


Figure  3.  Comparison  of  a  typical  holographic  image  reconstructed  using  only  the  reference 
beam  (a)  with  the  original  image  information  carried  by  the  object  beam  (b).  Both  images  were 
digitized  from  the  video  signal  output  from  a  CCD  camera. 
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large  Debye- Waller  factor  of  the  optica!  transition  used,  and  the  fact  that  the  photoproduct  absorbs 
outside  the  band  of  the  photoeduct.  The  first  property  minimizes  the  depletion  of  educt  molecules 
by  phonon  sideband  absorption,  while  the  second  property  insures  that  the  absorption  characteris¬ 
tic  at  a  particular  frequency  is  not  corrupted  by  subsequent  writing. 

4.  Conclusions 

Two  thousand  grayscale  images,  corresponding  to  an  80  second  film,  have  been  stored  in  a 
PSHB  material.  Using  a  holographic  setup,  the  bits  which  make  up  each  image  were  stored  and 
recalled  in  a  completely  parallel  manner.  Due  to  the  enormous  capacity  of  a  PSHB  optical  memo¬ 
ry,  parallel  recording  is  indispenible  for  practical  implementation.  By  sweeping  the  laser  phase 
and  frequency  during  burning,  it  was  possible  to  store  the  holograms  without  crosstalk.  The  imag¬ 
es  were  stored  across  the  entire  inhomogeneously  broadened  band  of  chlorin  with  no  deleterious 
effects  from  phonon-side  band  absorption.  Finally,  we  believe  that  our  spacing  of  holograms  (10 
Ghz  along  the  frequency  axis,  60  kV  /  cm  along  the  electric  field  axis)  was  generous,  and  that  a 
higher  image  storage  density  is  possible  in  this  material.  This  has  great  practical  importance  for  a 
variety  of  optical  processing  applications  of  current  interest,  including  optical  data  storage,  opti¬ 
cal  neural  networks  and  holographic  interconnects. 

We  wish  to  thank  Markus  Traber  for  valuable  technical  assistance.  The  work  was  support¬ 
ed  by  the  Swiss  National  Science  Foundation. 
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Introduction 

Persistent  spectral  hole  burning  [1]  in  conjunction  with  holography  (PSHB)  opens 
new  prospects  for  high  density  optical  information  storage  and  processing.  In  the  holo¬ 
graphic  approach,  hole  burning  is  carried  out  with  two  -crossed  coherent  laser  beams 
which  bleach  out  a  narrow  frequency  domain  hole  in  an  inhomogeneously  broadened  ab¬ 
sorption  band  recording,  at  the  same  time,  a  spatial  holographic  fringe  pattern.  During 
read  out  of  the  hologram  diffraction  from  this  spatial  fringe  pattern  occurs,  and  a  holo¬ 
graphic  image  is  reconstructed,  reflecting  the  changes  of  the  absorption  coefficient  and 
the  refractive  index  introduced  by  the  spectral  hole  [2]. 

The  variation  of  the  refractive  index  as  a  function  of  the  frequency  extends  further 
than  the  corresponding  absorption  coefficient  change.  If  many  holograms  are  recorded 
at  adjacent  frequendes,  the  refractive  index  gratings  cause  interference  between  the  ho¬ 
lographic  signals  recorded  at  different  frequencies.  A  possibie  way  to  avoid  interaction, 
and  to  suppress  the  buildup  of  a  spectrally  non-selective  background  signal,  is  to  control 
the  relative  phase  of  the  holograms.  It  has  been  shown,  that  relative  phase  changes  of  n 
between  adjacent  holograms  in  the  frequency  domain  as  well  as  in  the  electric  field  di¬ 
mension  result  in  a  considerable  reduction  of  this  background  [3].  In  this  case,  however, 
the  holograms  stored  at  different  frequencies  should  have  similar  spatial  structure  and 
contrast. 

If  a  PSHB  hologram  is  written  in  a  thin  polymer  film  with  a  narrow  band  laser  at  a 
fixed  frequency  so  that  the  sample  composes  only  one  grating  with  a  narrow  spectral 
width  then  the  hologram  diffracts  light  symmetrically  into  the  positive  and  the  negative 
diffraction  orders.  When  a  second  hologram  is  added  at  an  adjacent  frequency,  interfer¬ 
ence  effects  take  place  depending  on  the  relative  phases  of  the  holograms  [4],  If  the 
phase  changes  are  n/2  or  -iU2  an  asymmetry  between  these  holographic  signals  has 
been  observed.  This  is  due  to  the  interference  arising  from  the  interaction  of  the  absorp¬ 
tion  coefficient  of  the  one  hologram  with  the  refractive  index  contribution  of  the  other,  and 
to  the  changing  sign  of  the  refractive  index  part  [4,5]. 

In  general,  the  dispersion  relations  can  be  derived  fundamentally  from  the  causality 
principle.  Thus,  the  asymmetry  arising  from  the  interaction  of  the  absorption  coefficient 
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and  the  refractive  index  of  spectrally  adjacent  holograms  must  be  related  to  causality. 
From  time  domain  holography  it  is  known  that  a  time  delay  t » (Aco  laser)  ^  between  the 
write-in  beams  (t  is  equivalent  to  an  optical  path  length  difference  of  d  =  x  c),  produces 
signals  which  appear  either  only  in  the  positive  or  only  in  the  negative  (conjugated)  or¬ 
ders  of  diffraction,  depending  on  the  temporal  ordering  of  the  pulses  [6].  This  temporal 
order  of  reference  and  object  beam  is  recorded  in  a  frequency  dependent  phase  change 
A(^((o)  =  xAcoi  In  a  previous  paper  we  investigated  experimentally  this  causality  property  of 
PSHB  holograms  [7].  The  spectral  profile  of  a  hologram  was  varied  by  using  a  tunable 
single  mode  dye  laser  and  the  efficiency  of  holographic  image  reproduction  was  com¬ 
pared  when  a  glass  block  (10  cm)  causing  a  time  delay  was  inserted  in  one  of  the  write- 
in  beams.  In  this  paper  we  demonstrate  that  frequency  dependent  phase  changes  corre¬ 
sponding  to  arbitrary  path  differences  can  be  easily  introduced  by  moving  a  mirror 
mounted  on  a  piezoelectric  transducer. 

Experimental  Results 

The  PSHB  material  we  use  to  record  holograms  is  polyvinylbutyral  doped  with 
chlorin  at  a  concentration  10'^  M.  The  hologram  sample  is  a  65p  thick  film  and  is  posi¬ 
tioned  inside  an  optical  bath  cryostat.  The  PSHB  active  inhomogeneous  absorption  band 
has  a  maximum  at  the  wavelength  of  633  nm  with  a  width  of  130  cm'V  The  minimum 
hole  width  obtained  at  the  temperature  of  1 .7  K  is  ~300  MHz. 

The  lay-out  of  the  experimental  scheme  is  depicted  in  Fig.  1.  The  tunable  single 
mode  dye  laser  (CR  899-29  autoscan  ring  laser)  and  the  signal  detection  system  we  use 


Fig  1  Optical  lay-out  of  the  hologram  recording  scheme.  The  optical  delay  is  accom¬ 
plished  by  the  mirror  mounted  on  the  piezo  electric  tranducer. 
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in  this  experiment  are  interfaced  via  GPIB  bus  to  a  SUN  4/330  work  station.  The  optical 
path  lengths  of  the  reference  and  of  the  object  beams  are  roughly  equal  within  a  preci¬ 
sion  of  about  1  mm.  The  “optical  delay,"  either  in  the  reference  or  in  the  object  arm  of  the 
interferometer  is  simulated  by  moving  the  mirror  under  computer  control.  The  moving 
mirror  allows  for  adjusting  arbitrary  delay  values  |tl  between  the  writing  beams  related  to 
the  phase  dispersion  x  =  d<t)(o))  /  dca  The  delay  is  considered  to  be  positive  if  the  object 
beam  is  delayed.  According  to  the  discussion  presented  above  the  inverse  value  of  the 
delay  Ixp^  has  to  be  smaller  than  the  frequency  range  where  the  hologram  is  stored.  On 
the  other  hand,  the  delay  should  not  be  larger  than  the  inverse  value  of  the  homoge¬ 
neous  hole  width:  if  r^om  I'^l  the  spectral  response  of  the  PSHB  media  is  un¬ 
able  to  record  the  fringe  pattern  and  the  contrast  of  the  hologram  will  vanish.  In  our 
experiments  the  frequency  scan  width  during  burning  the  holograms  was  in  the  range  of 
3.5  GHz,  approximately  twelve  times  the  minimum  hole  width  of  300  MHz.  During  bur¬ 
ning  the  laser  frequency  and  the  hologram  phase  were  synchronously  swept.  For  the 
read-out  of  the  hologram  the  object  beam  is  blocked,  the  reference  beam  attenuated  by 
a  factor  of  4  by  inserting  a  neutral  density  filter,  and  the  hologram  efficiency  was  mea¬ 
sured  as  a  function  of  the  read  out  frequency. 

Fig.  2  presents  experimental  results  of  the  frequency  dependence  of  the  diffracted 
signal  for  holograms  burned  with  positive  delay  (a),  no  delay,  (b),  and  negative  delay. 
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Fig  2  Hologramm  efficiency  spectra  for  opposite  phaseshifts  applied  during  burning. 
Positive  delay  resu'ts  in  an  amplification  of  the  hologram  efficiency,  whereas  neg¬ 
ative  delay  leads  to  causality  induced  attenuation. 
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The  scan  width  applied  during  burning  of  the  holograms  is  3.5  GHz  and  the  phase 
change  applied  is  2n  and  -2n,  respectively.  This  corresponds  to  an  optical  delay  of 
8.7  cm  or  0.29  ns.  Whereas  for  positive  delay  the  diffraction  efficiency  is  considerably 
enhanced  with  respect  to  the  delayless  hologram  the  diffraction  efficiency  is  strongly  in¬ 
hibited  for  negative  delay,  i.  e.  when  the  reference  beam  is  delayed  with  respect  to  the 
object  beam.  Note  also  the  different  behavior  of  the  diffraction  efficiency  in  the  wings  of 
the  “undelayed”  signal  (b)  and  the  signal  with  positive  delay  (a). 

Let  us  also  point  out  that  the  minimum  spectral  width  at  which  the  causality  proper¬ 
ty  of  the  PSHB  holograms  can  still  have  effect  is  about  twice  the  value  of  the  minimum 
(homogeneous)  hole  width.  This  means,  in  fact,  that  by  applying  the  hologram  storage 
method  discussed  in  this  paper  the  cross-talk  between  the  different  holograms  in  spec¬ 
trally  selective  media  can  be  eliminated  by  sacrificing  approximately  one  half  of  the  total 
spectral  storage  capacity.  On  the  other  hand,  if  we  consider  that  the  amplitude  diffraction 
efficiency  of  the  holograms  (thin  as  well  as  thick  holograms)  is  in  this  case,  by  a  factor  of 
two  higher,  the  actual  loss  in  the  storage  and  processing  capacity  of  the  medium  will  be 
compensated. 

In  conclusion,  these  experiments  show  that  causality- related  cancellation  of  cer¬ 
tain  diffraction  orders,  previously  demonstrated  only  for  spectrally  broad,  time-domain 
holograms,  also  applies  to  holograms  synthesized  by  a  tunable  narrow  CW  laser  beam. 
Control  of  the  grating  phase  opens  a  path  to  reduce  crosstalk  between  holograms  re¬ 
corded  at  different  frequencies  and  enables  direct  manipulating  of  the  diffraction  efficien¬ 
cy  of  holographic  images.  The  experimental  results  presented  here  show  that  the 
hologram  phase  is  a  new  and  important  variable  in  hole  burning  holography  opening  a 
wide  field  of  exciting  experiments. 
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We  studied  the  effects  of  an  external  electric  field  on  persistent  spectral  holes  in  an 
inhomogeneously  broadened  optical  transition  of  dye  molecules  embedded  in  crystalline 
or  disordered  solids.^  The  results  are  applied  to  optical  data  storage  in  the  electric  field 
dimension,  modulation  and  pulse  forming  of  laser  beams,  ’  and  hybrid  optical 
bistability. 

When  an  electric  field  is  applied  to  molecules  a  spectral  line  or  band  shifts,  splits  or 
broadens  because  of  the  shifts  of  the  electronic  levels  in  the  electric  field  (Stark  effect). 
The  frequency  shift  contains  a  term  linear  in  the  electric  field  E  which  is  proportional 
to  the  difference  A/i  of  the  electric  dipole  moments  of  the  excited  and  ground  states  of 
the  molecules.  It  has  been  shown  for  various  dye— matrix  systems  that  even  for 
centrosymmetric  dye  molecules,  where  A/x  =  0  for  the  free  molecule,  a  linear  electric 
field  induced  frequency  shift  is  observed.  This  effect  has  been  ascribed  to  the  influence 
of  the  environment  on  the  dye  molecules  in  the  solid.  A  simple  mechanism  is  usually 
discussed  for  polar  solids.  It  is  assumed  that  the  polar  groups  of  the  surrounding 
matrix  induce  a  dipole  moment  difference  in  the  dye  molecules  which  interacts  with 
the  applied  electric  field  leading  to  a  linear  electric  field  effect.  In  a  more  generally 
applicable  mechanism  it  is  assumed  that  the  large  gas— to— matrix  shift  of  the  involved 
electronic  transition  is  slightly  changed  by  the  applied  electric  field  and  causes  the 
observed  electric  field  effects. 
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We  investigated  the  effects  of  an  electric  field  on  a  persistent  spectral  hole  in  the 
inhomogeneously  broadened  Sq— Si  transition  of  the  centrosymmetric  dye  molecule 
perylene  in  the  nonpolar  Shpol'skii  matrix  n— heptane,  where  perylene  occupies  distinct 
substitutional  sites.  A  splitting  of  the  spectral  hole  was  observed  which  was  linear  in 
the  electric  field.  It  is  ascribed  to  electric  field  induced  variations  of  the  gas-to— matrix 
shift,  which  is  caused  by  the  dispersion  interaction  in  this  dye— matrix  system. 

When  perylene  is  embedded  in  an  amorphous  matrix,  e.g.  the  polymer  polyvinyl— 
butyral  (PVB),  the  spectral  hole  is  broadened  and  reduced  in  depth  in  the  electric 
field.  The  observed  linear  electric  field  effect  is  usually  described  by  an  effective 
electric  dipole  moment  difference  A/i*.  The  broadening  of  the  spectral  hole  is  explained 
by  a  statistical  distribution  of  the  magnitudes  and  directions  of  A/i*.  For  sufficiently 
high  electric  field  strengths  the  spectral  hole  appears  to  be  filled.  It  is  possible  to  burn 
a  further  hole,  which  is  also  filled  by  sufficiently  changing  the  field,  etc.  In  this  way  it 
is  possible  to  burn  holes  at  different  electric  field  strengths,  i.e.  in  the  electric  field 
dimension.  We  term  these  holes  field  holes.  They  are  important  for  applications  of  hole 
burning. 

The  following  applications  will  be  discussed:  optical  data  storage  in  the  electric 
field  dimension,  modulation  and  pulse  forming  of  laser  beams,  and  hybrid  optical 
bistability. 

In  the  usual  method  of  optical  data  storage  the  information  is  stored  by  burning 
spectral  holes  in  the  frequency  dimension.  We  used  the  electric  field  domain  as  a 
storage  dimension  in  the  dye— matrix  system  9— aminoacridine— PVB.  The  information 
is  written  (or  read)  by  burning  (or  detecting)  holes  with  a  fixed  frequency  laser  at 
different  electric  field  strengths,  which  correspond  to  different  memory  locations.  The 
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memory  locations  in  the  electric  field  dimension  are  addressed  by  the  voltage  applied 
to  the  sample.  This  method  is  distinguished  by  its  simplicity  and  speed.  The  combined 
use  of  the  electric  field  dimension  and  the  frequency  dimension  will  be  discussed  also. 

We  studied  a  laser  beam  modulator  in  an  experimental  configuration  which  can  be 
used  in  integrated  optics.  The  laser  light  is  coupled  from  an  optical  fiber  to  a  thin 
perylene— doped  PVB  film  which  acts  as  a  waveguide.  The  modulator  operates  in  the 
following  way.  Without  voltage  the  absorption  in  the  center  of  the  spectral  hole  is  low 
leading  to  a  high  transmission  of  the  laser  light.  The  application  of  a  voltage  to  the 
sample  fills  the  center  of  the  spectral  hole  and  increases  the  absorption  of  the  sample. 
When  an  alternating  voltage  is  applied  the  transmission  of  the  sample  is  modulated  by 
the  time— varying  absorption.  The  response  time  of  the  investigated  waveguide 
modulator  was  measured  to  be  less  than  300  ps.  The  limitation  of  the  response  time  of 
the  modulator  by  the  width  of  the  spectral  hole  is  discussed. 

We  have  used  the  effects  of  an  electric  field  on  a  spectral  hole  for  pulse  forming  of 
laser  beams.  The  essential  point  in  this  application  is  that  the  T— U  characteristic 
curve,  which  describes  the  dependence  of  the  sample  transmission  T  on  the  applied 
voltage  U,  can  be  adjusted  to  obtain  the  desired  pulse  shape.  This  is  achieved  by  using 
proper  conditions  during  hole  burning.  We  present  examples  of  different  pulse  shapes 
obtained  with  this  method. 

We  have  investigated  a  hybrid  optical  bistable  device  which  uses  voltage  controlled 
changes  of  a  persistent  spectral  hole  in  the  dye— matrix  system  perylene— PVB.  The 
hybrid  optical  bistability  is  based  on  the  nonlinear  dependence  of  the  sample 
transmission  on  the  applied  voltage  in  conjuction  with  an  external  electrical  feedback 
mechanism.  In  our  case,  the  nonlinear  transmission  function  is  realized  by  the  effects  of 
the  voltage  on  the  persistent  spectral  hole.  The  feedback  is  created  by  detecting  the 
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zero-phonon  fluorescence  light  of  the  perylene  molecules  with  a  photomultiplier,  the 
signal  of  which  is  amplified.  The  resulting  voltage  is  applied  across  the  sample.  The 
application  of  the  voltage  increases  the  absorption  at  the  probing  laser  frequency 
because  the  center  of  the  hole  is  filled.  This  leads  to  an  increase  of  the  zero— phonon 
fluorescence  intensity,  which  is  fed  back  as  a  voltage  rise  to  the  sample.  When  the 
transmitted  laser  power  was  measured  as  a  function  of  the  incident  laser  power  a 
bistable  region  was  observed.  In  this  region,  the  transmitted  laser  power  was  high  or 
low  at  the  same  incident  laser  power  depending  on  the  fact  whether  the  incident  laser 
power  was  increased  or  decreased  during  the  measurement.  Under  appropriate 
operating  conditions  transition  to  optical  instabiUty  and  chaos  has  been  observed. 
Conditions  for  a  bistable  system  based  on  increasing  absorption  bistability  will  be 
discussed.  Optical  bistable  systems  offer  the  possibility  of  performing  logic  functions. 

Under  appropriate  operating  conditions  they  can  serve  as  an  optical  amplifier,  limiter, 
discriminator,  and  oscillator. 

In  conclusion,  electric  field  effects  on  persistent  spectral  holes  allow  the 
construction  of  a  versatile  electrooptic  processor  which  may  serve  for  optical  data 
storage,  modulation  and  pulse  forming  of  laser  beams,  and  as  a  hybrid  optical  bistable 
device. 
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The  possibility  to  Investigate  the  influence  of  external  electric  and  mag¬ 
netic  fields  on  complex  molecules  in  amorphous  solids  is  essentially  limited 
by  a  large  width  of  their  spectral  bands  (Ai/=10^-10^  cm“^  even  at  liquid 
helium  temperature).  Hole- burning  opens  up  new  excellent  opportimities 
for  using  the  Stark  and  Zeeman  effects  m  spectroscopy  of  molecules  and 
solids  and  their  different  applications  (!].  Owing  to  the  small  hole  width 
(Ai^=10“^-10“^  cm“^  at  2-5  K)  the  sensitivity  of  measurements  increases 
by  several  orders  of  magnitude. 

In  this  report  we  sha  11: 

-  give  a  brief  overview  of  principal  peculiarities  of  the  hole  behaviour 
when  the  external  field  is  applied;  discuss  two  types  of  measurements, 
namely  of  (i)  spectral  shape  of  the  hole  ^D{y)  at  different  fields  F  and 
(ii)  the  optical  density  ^D{F)  as  function  of  F  at  fixed  frequency; 

-  discuss  the  results  on  the  Stark  effect  for  polar  and  unpolar  dye  molec¬ 
ules  in  polymers  and  glasses  and  estimations  of  internal  fields  in  disor¬ 
dered  materials; 

-  illustrate  some  new  applications  of  the  Stark  effect  on  the  holes  for  the 
high  sensitive  and  precise  investigations  of  the  homogeneous  line  width 
and  kinetics  of  hole- burning  with  the  hole  depth  (AD/P)  much  less 
than  1%  [2]; 
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-  discuss  recent  results  on  the  strong  (up  to  500  k0)  magnetic  field  ef¬ 
fect  on  S-S  transitions  in  organic  molecules  (including  such  molecules 
as  metaJloporph>Tin8  with  degenerate  Si-states  [3])  studied  via  hole 
burning; 

-  present  the  latest  results  on  the  electric  field  effect  on  the  holes  in 
spectra  of  cadmium  behenate  Langmuir-Blodgett  films  doped  with  cya¬ 
nine  dye  [4,5]  and  discuss  new  methods  to  study  orientations  of  chro- 
muphores  and  internal  electric  fields  in  Langmuir-Blodgett  systems. 
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Given  the  enormous  increase  in  resolution  that  can  be  realized  in  hole 
burning  studies,  the  application  of  these  techniques  to  determine  the 
spectroscopic  consequences  of  applied  electric  fields  was  a  natural 
extension. [ 1 ]  Much  of  the  work  in  this  area  has  focused  on  organic  dye 
molecules  in  disordered  glasses. [1-3]  For  most  of  these  systems,  the 
application  of  an  electric  field  most  often  just  broadens  the  persistent  hole, 
although  it  has  been  shown  that,  in  certain  cases  the  orientation  averaged 
effect  of  a  randomly  oriented  solvent  field  plus  a  fixed  applied  field  can 
lead  to  a  partial  splitting  of  the  hole  profile. [1,4] 

There  are  several  aspects  of  linear  polyene  electronic  structure  that 
make  Stark  experiments  on  these  molecules  especially  informative.  First, 
these  molecules  are  intrinsically  nonpolar.  Of  course,  in  the  centrosymmetric 
all-trans  conformation  symmetry  demands  that  there  be  no  permanent  dipole 
moments.  However,  noncentrosymmetric  isomers  are  also  expected  to  have 
vanishingly  small  diagonal  dipole  moment  matrix  elements  because  of  the  charge 
neutrality  of  the  carbon  skeleton.  This  is  expected  from  simple  molecular 
orbital  considerations  and  is  born  out  in  more  elaborate  theoretical 
treatments. 

Second,  the  gap  between  and  S^  is  relatively  small  (3400  cm-1  for 
all-trans  octatetraene  in  n-hexane)  and  the  off  diagonal  dipole  moment 
matrix  element  between  these  states  is  symmetry  allowed  and  relatively  large. 
The  observed  vibronic  development  of  the  optical  spectra  are  consistent  with 
the  idea  that  the  Franck-Condon  factors  for  the  mixing  of  higher  lying 
l^By  levels  will  only  be  significant  for  the  C*C  double  bond  stretch 
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vibrations.  Since  the  frequencies  of  these  vibrations  are  almost  as  large  as 

the  electronic  gap,  this  means  that,  with  respect  to  hole  burning  studies  on 

the  l^A  to  2^A  origin,  the  primary  effect  of  an  applied  electric 
^  ^  1  1 

field  is  to  mix  the  2  A  and  1  B  zero  point  levels.  Thus,  it  is 

g  u 

reasonable  to  treat  the  data  in  terms  of  a  two  level  model  with  known  energy 

gap  parameterized  in  the  local  field  and  the  2^Ag-l^B^  transition 

dipole. 


Third,  because  of  the  long  lifetime  of  the  excited  2^Ag  state,  the 
intrinsic  hole  width  is  extremely  narrow  (3.2  MHz  HWHM  for  octatetraene  in 
n-hexane [ 5 ] ) .  This  means  that  the  effects  of  applied  electric  fields  can  be 
registered  with  very  high  resolution  which  removes  ambiguity  from  the 
interpretation  of  the  observed  effects. 


We  have  measured  the  effects  of  applied  electric  fields  on  the  linear 
polyene  octatetraene  substituted  in  various  n-alkane  matrixes.  These  are 
systems  where  there  is  a  high  degree  of  order  in  the  environment  of  a  given 
octatetraene  molecule  but  the  sample  consists  of  randomly  oriented 
microcrystals.  This  Is  to  some  extent  the  inverse  of  the  more  usual 
situation.  Instead  of  a  dye  molecule  seeing  the  vector  sum  of  a  fixed 
magnitude  but  randomly  oriented  laboratory  field  plus  a  solvent  field  whose 
orientation  and  magnitude  are  both  also  randomly  distributed,  the  octatetraene 
molecule  sees  the  vector  sum  of  a  fixed  magnitude  but  randomly  oriented 
laboratory  field  plus  a  solvent  field  whose  magnitude  and  orientation  are  both 
fixed. 

In  consequence,  the  application  of  an  electric  field  to  a  polycrystalline 
octatetraene  in  n-alkane  sample  which  has  been  labeled  by  photochemical  hole 
burning  produces  a  splitting  whose  detailed  form  depends  on  the  polarizations 
of  the  excitation  and  observation  channels  with  respect  to  the  applied  field. 
This  splitting  is  quantitatively  fit  by  a  simple  two  level  model  parameterized 
in  the  magnitude  of  the  to  S2  transition  dipole  and  the  projection  of 
the  local  solvent  field  along  this  transition  dipole.  An  example  hole  profile 
for  octatetraene  in  n-hexane  is  compared  to  the  profile  calculated  from  the 
model  below. 


Intensity 
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Havenuabers  in  l/ca 

Figure  1:  Hole  profiles  for  all-trans  octatetraene  in  n-hexane  as  a 

function  of  electric  field  in  V  citi”^  which  labels  the  curves. 

There  is  good  agreement  between  the  measured  profiles  (noisy  lines) 
and  those  calculated  from  the  2-level  model  for  a  transition  dipole 
of  2.3  Debye  and  internal  field  projection  of  10^  V  cm  ^  (smooth 
lines) . 

This  talk  will  summarize  the  observed  dependence  of  photochemical  hole 
profile  on  such  experimental  variables  as  applied  field  strength  and 
orientation  with  respect  to  the  polarization  of  excitation  and  detection 
channels  and  give  further  details  of  the  model  used  to  quantitatively 
interpret  these  results. 
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Optical  absorption  bands  of  organic  dye  molecules  or  inorganic  ions  in 
condensed  matter  are  affected  by  inhomogeneous  broadening  [1]  and  are 
thus  usually  much  broader  than  the  corresponding  homogeneous  lines.  In 
disordered  systems,  the  difference  can  amount  to  several  orders  of  magni¬ 
tude  at  low  temperatures.  In  order  to  detect  the  effects  of  external  pertur¬ 
bations  such  as  hydrostatic  pressure  or  electric  fields  on  an  inhomogeneous 
band,  the  perturbations  must  therefore  have  very  large  magnitudes.  The 
sensitivity  can  be  greatly  enhanced  by  investigating  the  changes  of  hole¬ 
burning  spectra  caused  by  the  external  fields.  In  amorphous  matrices,  an 
external  electric  field  gives  rise  to  a  symmetrical  broadening  of  spectral 
holes  due  to  the  linear  Stark  effect.  This  was  shown  to  be  true  even  in 
the  case  of  centrosymmetric  dopant  molecules  where  the  first-order  Stark 
effect  is  ascribed  to  matrix-induced  dipole  moments  [2]  (see  Fig.  1).  The 
magnitude  of  the  broadening  yields  thus  information  on  the  electrostatic 
dye-matrix  interaction. 

Measurements  performed  at  various  frequency  positions  within  the  inho¬ 
mogeneous  band  showed  that  the  matrix-induced  dipole  moment  differences 
between  excited  and  ground  state  increase  from  the  blue  to  the  red  edge  of 
the  band  for  a  large  number  of  dye-matrix  systems.  As  an  example.  Fig.  2 
shows  the  data  for  a  symmetrically  substituted  zinc  tetrabenzoporphin  in 
poly(vinyl  butyral).  In  order  to  interpret  these  results,  a  stochastic  theory 
of  the  dye-matrix  interaction  [3]  was  extended  to  take  the  van  der  Waals 
and  the  electrostatic  intermolecular  interactions  into  account.  According 
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frequency  (GHz] 


Figure  1;  Hole  spectra  of  apolar  dye  molecules  (a  symmetri¬ 
cally  substituted  zinc  tetrabenzoporphin)  in  a  polar  polymer 
[poly(vinylbutyral)],  recorded  in  three  different  electric  field 
strengths.  The  field  strength  values  are  indicated  in  kV/cm 
on  the  left  side  of  the  traces.  The  hole  was  bruned  with 
-7.20  kV /cm  applied. 


to  the  theory,  the  measurements  can  be  viewed  as  a  sort  of  two-dimensional 
optical  spectroscopy,  since  they  are  characterized  by  two  different  frequency 
scales:  the  change  of  the  hole  width  in  the  electric  field,  which  is  roughly 
given  by  the  homogeneous  linewidth,  and  the  width  of  the  inhomogeneous 
band.  Hence,  the  broad  inhomogeneous  distribution  that  has  long  been  the 
main  obstacle  to  performing  sensitive  spectroscopic  experiments  in  amor¬ 
phous  materials,  can  be  utilized  to  obtain  additional  physical  information. 

Nevertheless,  the  interpretation  of  the  data  is  more  difficult  than  in  the 
case  of,  for  example,  two-dimensional  NMR  spectroscopy.  The  reason  is 
that  molecules  in  solution  which  are  investigated  by  magnetic  resonance, 
consist  of  a  certain  number  of  atoms  whose  arrangement  and  distances  are 
exactly  identical  in  aU  molecules  under  study.  This  gives  rise  to  strong, 
discrete  features  in  the  spectra.  The  ensemble  of  dopant  molecules  in  a 
disordered  soUd,  on  the  other  hand,  is  characterized  by  broad,  continu¬ 
ous  distributions  of  the  salient  physical  quantities,  since  essentially  all  of 
them  have  different  local  environments.  The  stochastic  theory  predicts 
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Figure  2:  Experimental  data  of  the  average  matrix-induced 
dipole  moment  difference  as  measured  at  different  optical 
frequencies  within  the  inhomogeneous  absorption  band.  The 
sample  was  poly(  vinyl  butyrad)  doped  with  a  synunetricaUy 
substituted  zinc  tetrabenzoporphin 


the  distribution  of  linear  Stark  shifts  for  each  optical  frequency  within  the 
inhomogeneous  band  to  be  given  by  a  profile  whose  shape  is  very  close 
to  Gaussian  and  whose  width  increases  from  higher  to  lower  frequencies. 
While  this  is  in  qualitative  agreement  with  experiment,  the  predicted  varia¬ 
tion  across  the  absorption  band  is  too  small  by  a  factor  of  2  . . .  5,  although 
the  so-called  Gaussian  approximation  is  not  applied  which  would  restrict 
the  validity  of  the  calculation  to  systems  with  high  densities  of  the  matrix 
molecules.  Possible  reasons  for  the  deviation  are  discussed. 
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Pressure  tuning  of  spectral  holes  /!/  provides,  in  a  way,  a  link  between  gas-phase 
and  solid  state  spectroscopy.  Generally  speaking,  the  shift  of  a  spectral  hole  under 
isotropic  pressure  conditions,  allows  for  a  determination  of  three  system  parameters. 
These  are:  the  vacuum  frequency  of  the  molecular  probe,  the  solvent  shift  v  which 
the  probe  experiences  when  embedded  into  a  lattice  and  the  compressibility  K  of  the  host 
material. 

The  first  of  these  three  quantities,  v  ,  is  the  link  to  the  gas-phase  spectroscopy. 
We  consider  the  possibility  of  a  determination  of  from  a  host  matrix  spectrum  as 
important  with  respect  to  quantum  chemical  calculations  of  the  probe  transition  energies 
and  the  guest-host  interaction.  Both  quantites,  and  v^,  can  be  obtained  on  an 

absolute  scale  from  the  pressure  tuning  properties  of  the  hole  /2/.  Note,  that  for  many 
guest-host  systems  it  is  impossible  to  determine  from  a  gas-phase  experiment.  For 
some  systems,  the  probe  may  not  exist  at  all  in  the  gas-phase.  For  other  systems  the  probe 
is  modified,  physically  or  chemically,  through  the  interaction  with  the  host.  This  often 
happens  for  dye  probes  embedded  in  proteinaceous  environments.  In  this  case,  too,  a  gas 
phase  experiment  cannot  be  performed  or  does  not  provide  the  desired  information.  As  far 
as  proteins  are  concerned,  the  third  of  the  above  mentioned  quantities,  namely  the 
compressibility  K,  is  of  special  interest.  Since  in  a  pressure  tuning  hole  burning 
experiment,  the  compressibility  is  determined  from  the  change  of  the  interaction  in  the 
compressed  lattice  with  the  probe  molecules,  the  experiment  actually  measures  the 
compressibility  of  a  local  environment  of  the  probe.  For  a  homogeneous  medium,  this  local 
compressibility  is  identical  with  the  bulk  compressibility,  but  for  a  nonhomogene  us 
medium  it  is  not.  Solutions  of  chromoproteins  in  a  host  glass  can  be  considered  as 
non-homogeneous  solutions.  The  local  environment  is  determined  by  the  protein  and,  hence, 
the  compressibility  of  individual  protein  molecules  can  be  directly  determined  from  the 
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properties  of  the  pressure  tuned  hole.  The  compressibility,  in  turn,  determines  the  volume 
fluctuations  of  the  protein,  which  is  an  important  quantity  with  respect  to  its  function 
/3/. 

Consider  a  photoreactive  dye  probe  dissolved  in  a  glassy  medium.  The  interaction  of 
this  probe  with  a  solvent  molecule  at  position  changes  its  vacuum  absorption  frequency 
by  an  amount  V(R.).  We  assume  that  the  dominant  contributions  to  this  interaction  is  due 
to  the  attractive  part  of  the  Lennard-Jones  potential,  which  falls  off  as  R~”.  The 
repulsive  part  concerns  only  a  few  solvent  molecules  because  of  its  short  range.  Provided 
that  the  sample  around  the  dye  probe  is  isotropic  and  homogeneous  within  the  interaction 
range  of  the  dispersion  forces,  the  changes  in  v(R)  due  to  application  of  pressure  is  /4/ 

Av  =  -  —  K  Ap  .  (1) 

3  8R 

Since  we  assume  v(R)  oc  R~^,  equation  (1)  becomes 

Av  =  2k  v(R)  Ap  .  (2) 

A  hole  burning  experiment  is  frequency  selective.  Hence,  equation  (2)  has  to  be 
averaged  over  those  configurations  of  solvent  molecules,  which  lead  to  a  probe  absorption 
as  selected  by  the  laser  frequency: 

<Av>^  =  2k  <v(R)>^  Ap  .  (3) 

<Av>  is  the  pressure  induced  shift  of  the  burnt  in  hole,  and  the  configurationally 

averaged  perturbation  of  the  transition  frequency  <v(R)>  is  the  solvent  shift  of  the 

c 

laser  selected  probe  molecules.  The  solvent  shift  v  ,  on  the  other  hand,  is  the  difference 

s 

between  the  vacuum  frequency  and  the  absorption  frequency  v  (which  coincides,  of 
course,  with  the  laser  frequency).  Hence,  we  have 

=  <v(R)>  =  V  -  V  (4) 

j  '  '  c  vac  ^  ’ 

and 

<Av> 
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Equation  (5)  tells  us  that  the  quantity  s,  i.e.  the  hole  shift  per  unit  pressure, 
changes  in  a  linear  fashion  as  the  burning  frequency  v  is  tuned  across  the  inhomogeneous 
band  (4).  The  slope  factor  of  the  corresponding  straight  line  is  determined  by  the 
compressibility  of  the  host  ic.  Moreover,  there  exists  a  frequency,  namely  where  the 

pressure  induced  hole  shift  vanishes. 

We  investigated  quite  a  series  of  soft  organic  glasses  by  applying  pressure  tuning 
hole  burning  spectroscopy.  All  these  experiments  showed  that  the  above  model  describes  the 
observed  spectral  features  qualitatively  correct.  In  some  cases,  where  the  parameters  of 
the  model,  K  or  v  ,  were  known  from  other  exi>eriments,  it  could  be  cross-checked  that 
even  the  quantitative  predictions  were  correct  within  a  reasonable  range  of  accuracy.  In  a 
few  cases  we  found  that  was  within  the  inhomogeneous  band,  hence,  we  could  directly 
show  that  there  is  a  frequency  which  does  not  shift  under  pressure.  Scanning  the  bum 
frequency  across  the  slope  factor  changes  sign,  i.e.  the  pressure  induced  line  shift 
turns  from  a  red  to  a  blue  shift  (or  vice  versa).  As  an  example  we  show  the  data  for 
resorufin  in  ethyleneglycol/water  glass. 
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Fig.  1:  Left:  Absorption  spectrum  of  resorufin  in  ethyleneglycol! water  glass. 

Arrows  mark  the  hole  burning  frequencies. 

Right:  Frequency  shift  of  a  hole  under  pressure  for  the  various  burn  frequencies. 


Figure  1  shows  the  absorption  at  He-temperature.  The  arrows  mark  the  positions  where 
burning  was  performed.  The  hole  shift  as  a  function  of  pressure  is  plotted  in  Figure  1 
(right).  Qearly,  there  is  a  well  defined  frequency,  where  the  lineshift  changes  sign. 
According  to  the  model  above,  this  frequency  is  identified  as 
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Fig.  2:  Left:  The  behavior  of  a  typical  hole  under  pressure. 

Right:  Excitation  spectrum  of  mesoporphyrin  IX  substituted  horseradish  peroxidase. 
Arrows  mark  hole  burning  frequencies. 


Figure  2  shows  pressure  tuning  hole  burning  data  for  a  chromoprotein,  namely 
mesoporphyrin  IX  substituted  horseradish  peroxidase  (HRP)  /3/.  Again  the  burning  positions 
are  marked  by  arrows.  From  the  data,  the  compressibility  of  the  protein  molecule  could  be 
determined  according  to  equation  (5).  We  found  Kp  «  0.11  GPa~^.  For  a  protein  molecule, 
this  is  a  very  interesting  quantity  because  its  volume  fluctuations  Oy  can  be  determined, 
once  K  is  known: 


V  is  the  volume  of  a  single  HRP  molecule  which  can  be  estimated  from  its  molecular 
weight.  It  is  on  the  order  of  10^  A^.  Hence,  Gy  is,  at  ambient  temperature,  on  the  order 
of  3%.  This  is  a  lower  estimate,  because  K  increases  with  temperature.  However,  this  value 
seems  to  be  already  large  enough  for  a  proper  functioning  of  the  protein  as  an  oxidizing 
enzyme  for  small  aromatic  molecules.  This  oxidation  takes  place  in  the  protein  crevice. 
Rather  large  volume  fluctuations  are  required  so  that  the  protein  can  provide  enough  space 
for  incorporating  the  substrate  molecule. 
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CORRELATION  BETWEEN  THE  RELATIVE  ZERO-PHONON  ELECTRONIC  TRAN¬ 
SITION  PROBABILITIES  (DEBYE-WALLER  FACTORS)  AND  THE  MATRIX-IN¬ 
DUCED  SPECTRAL  SHIFTS  OF  MOLECULAR  IMPURITY  CENTERS  DOPED  INTO 
AMORPHOUS  HOSTS 
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The  attainable  contrast  in  spectrally  highly  selective 
photochromic  materials  critically  depends  on  the  Debye-Waller 
factors  (DWF)/1/.  The  search  for  better  hole-burning  systems 
requires  simple  criteria  for  the  selection  of  suitable  dopants 
and  hosts  on  the  basis  of  molecular  structure  and,  preferably, 
of  room-temperature  spectroscopy.  The  accumulated  experimental 
data  allow  to  establish  reasonable  relationships  between  the 
DWF  and  the  differences  of  intermolecular  interaction  parame¬ 
ters  in  the  ground  and  excited  state  (dipole  moments,  polariza¬ 
bilities)  . 

According  to  the  Franck-Condon  principle,  the  probability 
of  exciting  low-frequency  intermolecular  vibrations  in  the 
course  of  an  electronic  transition  is  higher  when  the  minima 
of  the  intermolecular  interaction  potentials  are  displaced. 

Small  DWF  values  are  expected  in  the  case  of  large  differences 
between  the  van  der  Waals  forces  in  the  ground  and  excited  sta¬ 
te  and  vice  versa.  On  the  other  hand,  the  matrix-induced  tran¬ 
sition  frequency  shift  depends  on  the  relative  stabilization  of 
the  respective  electronic  levels  upon  transfer  of  the  free  mo¬ 
lecule  into  the  condensed  phase/2/.  For  instance,  the  streng¬ 
thening  of  the  interaction  with  the  surroundings  in  the  S.  sta¬ 
te  results  in  the  downward  shift  of  the  S-j-S^  transition  fre¬ 
quency.  The  strongest  zero-phonon  transitions  should  therefore 
occur  in  the  systems  with  small  matrix  shifts. 

The  DWF  values  were  collected  from  the  literature  (Table  1 ) . 
In  several  cases  the  DWF-s  have  been  estimated  by  us  as  a  rela¬ 
tive  saturated  depth  of  a  spectral  hole  burned  near  the  band 
maximum.  The  matrix  shift  was  calculated  as  a  difference  bet¬ 
ween  the  resonance  origin  of  a  free  molecule  seeded  in  the  su¬ 
personic  jet  (Vq)  and  the  frequency  at  which  the  spectral  hole 
was  burned  or,  alternatively,  between  and  the  absorption 
band  maximum.  The  values  for  ionic  dyes  have  been  obtained 
from  the  liquid-phase  solvatochromic  measurements. 

The  non-specific  solvent-induced  shifts  of  absorption  band 
maxima  can  be  described  according  to  the  equation/ 1 9/ : 

V  =  Vq  +  pP  +yY ,  ( 1 ) 

where  Y=  ( e-1 )  /  (  f,+2  )  is  the  solvent  polarity,  t:  is  the  dielect¬ 
ric  constant  at  20°C,  P= (n^-l ) / (n^+2 )  is  the  solvent  polariza¬ 
bility,  n  is  the  refractive  index  for  the  Na  D-line  at  20°C. 
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TABLE  1 

Debye-Waller  factors  and  the  matrix  shifts  of  purely  electronic 
transitions  (Av  “^o~^burn^  hole-burning  systems 


Dopant 

Matrix 

DWF 

T,K 

""burn' 

- 1 
cm  ' 

Avf 

cm” 

Tetraphenylporphine 

PMMA 

0.9 

4.2 

15549/3/ 

68/4/ 

Phthalocyanine 

polystyrene  0.72-0. 

1  4-16 

14362/5/ 

770/6/ 

Pery] ene 

PVB 

0.510.  1 

1  .2 

22647/7/ 

1 390/8/ 

Rhodamine  640(101) 

PVA 

0.  35- 

2/9/ 

'^^OO 

0.48 

Oxazine  4 

PVB 

''^0.3 

1  .7 

16200/10/ 

1204 

Resorufin  Na  salt 

PMMA 

0.2-0. 5 

4 

16807 

1081 

/I  1,12/ 

3uinizarin 

EtOH-MeOH 

0.  17 

4.2 

19436/ 1 3/ 

483/14/ 

Cresy Iviolet 

PVA 

0.15 

7 

16528/15/ 

2012 

Cyanine  HI  TCI 

PVA 

0.1  5 

5.4 

1 2658/16/ 

1106 

Laser  dye  DCM 

polystyrene  0/17/ 

'^2  300 

2-Aminoanthracene 

various 

0/18/ 

-^2500 

Cresy Iviolet , neutr . 

Eton 

0/1  2/ 

-^^3400 

^The  citation  refers  to  the  source  of  the  Vq  for  jet-cooled 
molecule.  Other  Vq  values  are  taken  from  the  Table  2. 

TABLE  2 

The  Si-Sq  transition  frequencies  of  the  free  molecules  as  esti¬ 
mated  from  Eq.1  by  using  the  solvent-induced  absorption  band 
shifts  at  20°C  (N  is  the  number  of  solvents,  p  and  y  are  the 
regression  coefficients,  r  is  the  linear  correlation  coeffici¬ 
ent  ) 


Compound 

N 

- 1 

Slope , cm 

v^,cm  ^ 

i  r 

'^o ,  jet ' 

Tetraphenylporphine 

5 

p+y=-639 

15613 

0.994 

15617/4/ 

Perylene 

7 

p+y=-4  82  5 

24112 

0.986 

24037/8/ 

Rhodamine  640(101) 

7 

p=-3040 

1  8358 

0.981 

perchlorate 

3 

y=-386 

0.963 

Oxazine  4 

6 

p=-2919 

17404 

0.988 

perchlorate 

7 

y=-338 

0.6  26 

Resorufin  Na  salt 

7 

p=-3275 

1  7888 

0.  992 

8 

y— 1  36 

0.351 

Quinizarin 

4 

p+y=-24 1 3 

19850 

0.999 

19919/14/ 

Cresylviolet 

7 

p=-5585 

1  8540 

0.964 

perchlorate 

7 

y=-267 

0.319 

Cyanine  HITCI 

7 

p=-3287 

1  3764 

0.958 

10 

y=+493 

0.810 

Laser  dye  DCM 

4 

p+y=-8145 

24050 

0.999 

Cresylviolet , neutr . 

8 

p=- 1 5000 

0.948 
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It  has  been  shown/20/  on  the  basis  of  the  Bakhshiev's  theory 
/2/  that 

y  =  1 .25- 10^Ug(ug  -  Ue‘=os(l))/r3  (2) 

p  =(-6. 3*  10^  (Mg-2vjgPeCOS(t)  +  iie)  +  6 .0*  10^  {ag-a^)  j /r^  ,  (3) 

where  yg  and  ue  dipole  moments  of  the  ground  and  exci¬ 

ted  state  in  Debye  units,  cji  is  the  angle  between  these  dipole 
moments,  r  is  the  Onsager  cavity  radius  in  A,  Og  and  are 
the  polarizabilities  of  the  ground  and  excited  state  in  A-^ . 

In  the  case  of  non-polar  solvents  like  n-alkanes,  an  equ¬ 
ality  holds  between  n  and  e  ,  and  thus  Y=P.  The  Vq  values  ob¬ 
tained  from  the  plots  of  the  absorption  band  maxima  versus  the 
polarizability  function  by  extrapolating  the  P  to  the  zero  are 
remarkably  close  to  those  of  free  molecules  (Table  2) . 

Since  ionic  compounds  cannot  be  dissolved  in  non-polar  sol¬ 
vents,  the  slopes  p  and  y  have  to  be  measured  separately  in  two 
solvent  sets  by  changing  only  one  parameter  while  keeping  the 
other  nearly  constant.  Aprotic  solvents  with  low  nucleophilici- 
ty  have  been  chosen  in  order  to  minimize  the  specific  solvation 
effects.  The  solvent  shifts  in  highly  polar  media  with  e>30 
from  acetonitrile  (n=1.344)  to  nitrobenzene  (n=1.5513)  are  very 
well  correlated  with  the  polarizability  function  P  (Table  2). 

The  fit  of  the  absorption  band  maxima  versus  the  polarity 
function  Y  in  a  set  of  solvents  with  constant  refractive  indi¬ 
ces  (n=1.43)  from  chloroform  (e=4.8)  to  propylene  carbonate 
(e=65.1)  is  usually  poor  because  of  ionic  association  and  spe¬ 
cific  solvation  effects  (Table  2).  However,  this  does  not  cau¬ 
se  serious  error  in  the  extrapolated  Vq  value,  since  the  in¬ 
fluence  of  the  dielectric  constant  is  relatively  small  (y<500 
cm”l).  Consequently,  the  dipole  moment  difference  between  the 
and  Sq  state  for  all  molecules  studied  until  now  by  hole¬ 
burning  and  fluorescence  line  narrowing  techniques  hardly  ex¬ 
ceeds  several  Debye  units. 

It  is  evident  from  the  Table  1  that  molecular  impurities 
with  the  highest  DWF-s  are  centrosymmetric  and  formally  with¬ 
out  dipole  moments  in  both  the  ground  and  excited  state  (por¬ 
phyrins,  arenes,  cyanine  dyes). 

Tetrapyrrolic  pigments  (porphyrins,  phthalocyanines )  pos¬ 
sess  outstandingly  strong  zero-phonon  lines.  Moreover,  in  con¬ 
trast  to  the  other  organic  impurities,  zero-phonon  holes  have 
been  observed  even  at  80K  for  tetraphenylporphine/3/  and  ph- 
thalocyanine/2 1 / .  Porphyrins  are  characterized  by  unusually 
small  matrix  shifts  of  the  S^-S^  transition  frequency.  The  dif¬ 
ference  between  the  ground  and  excited  state  polarizabilities 
and  the  slope  p=-639cm“^  for  tetrapheny Iporphine  are  approxima¬ 
tely  by  an  order  of  magnitude  smaller  than  the  corresponding 
values  for  polycyclic  arenes. 

It  remains  still  unclear,  whether  the  diversity  in  DWF-s 
of  polycyclic  arenes,  cyanine,  oxazine,  rhodamine  and  other 
dyes  can  be  explained  solely  in  terms  of  the  changes  in  dipole 
moments  and  polarizabilities  or,  alternatively,  the  rol'  of 
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torsional  modes  of  the  polymethine  chain  or  the  phenyl  and  ami¬ 
no  substituents  should  be  taken  into  account. 

Transitions  accompanied  with  pronounced  intramolecular 
charge  transfer  display  no  2ero-phonon  component/ 1 8/ .  In  this 
case  extensive  band  shifts  occur  even  in  apolar  solvents  or 
in  the  solvents  with  constant  e  (p+y=-8145  and  p=-15000cm“^  for 
DCM  and  neutral  cresylviolet ,  respectively)  as  a  result  of  sum¬ 
mation  of  both  dispersion  and  dipole-induced-dipole  contribu¬ 
tions  (Eq.  3),  when  seems  plausible  that  molecules 

with  solvent  shifts  more  than  2200cm“'  do  not  have  zero-phonon 
transitions  of  measurable  intensity  in  amorphous  matrices. 

In  conclusion,  it  has  been  shown  that  useful  predictions 
about  the  maximum  zero-phonon  hole  depth  at  liquid  helium  tem¬ 
peratures  can  be  made  with  the  aid  of  room-temperature  solvent 
shift  measurements. 
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The  application  of  hole  burning  spectroscopy  (HB)  in  the 

study  of  photosynthetic  systems  offers  an  independent  method 

for  determining  excited  state  lifetimes  of  particular 

chromophores .  The  rate  constants  of  excitation  energy  transfer 

(EET)  in  photosynthetic  antennae  can  be  directly  determined  by 

time  resolved  fluorescence  spectroscopy.  For  most  bacterial  and 

-12  -1 

higher  plants  antennae  is  of  the  order  of  10  s  [1]  . 
Efficient  EET  in  pigment-protein  complexes  causes  significant 
shortening  (three  orders  of  magnitude)  of  the  excited  state 
lifetimes  T^  in  comparison  with  isolated  pigments.  The  hole 
widths  obtained  in  hole  burning  spectroscopy  are  proportional 

to  the  total  relaxation  time  T  [2]:  (T  )  ^  =  (2T  )  ^  +  (T 

^  X 

In  the  presence  of  fast  EET  the  T^  contribution  is  dominant. 

The  aim  of  this  report  is  to  compare  the  role  of  protein 

environment  and  efficiency  of  EET  in  photosystem  II  (PS  II) 
core  antenna  chlorophyll  protein  complex  (CPa2)  in 
polyacrylamid  gel  with  that  of  the  core  antenna  in  native  PS  II 
particles  in  buffer/glycerol  glass  (PS  II  part.). 
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Persisteiit  hole  burning  ‘PHB)  fluorescence  spectra  were 
measured  on  an  apparatus  consisting  of  a  burning  single 
frequency  dye  laser  (DCM  dye)  and  an  excitation  pulsed  dye 
laser  (Coumarine),  an  optical  bath  cryostat,  a  double  grating 
monochromator  and  a  cooled  photomultiplier  along  with  a  boxcar 
integrator,  as  described  in  [3].  The  preparation  of  the  samples 
isolated  from  cyanobacteria  Synechococcus  was  described  in 
[3,4].  Low  temperature  (4.2  K)  fluorescence  spectra  of  antenna 
systems  before  burning  are  shown  on  fig. la, b  (dashed  lines). 
Hole  burning  spectra  were  studied  with  the  burning  wavelengths 
in  the  region  675  -  695  nm.  Typical  PHB  spectra  obtained  under 
saturating  conditions  are  presented  in  fig. la, b  (full  lines). 


Fig.l  Fluorescence  (dashed)  spectra  (excited  at  440  nm)  and 
hole  burning  (full)  spectra  (burned  at  686.3  nm)  of  core 
antenna  of  photosystem  II  at  4.2  K:  a  -  in  polymere;  b  -  in 
buffer/glycerol  glass 

Both  spectra  consist  of  an  antihole,  zero  phonon  hole  (ZPH)  and 
red  shifted  phonon  side  band  hole  (PSBH,  real  and  pseudo-  [4]). 
This  structure  is  typical  for  nonphotochemical  hole  burning 
mechanism.  Althought  the  low  temperature  hosts  in  both  systems 
are  qualitatively  different  (polymer  vs.  glass),  no  qualitative 
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difference  between  the  HB  spectra  suggests  that  the  protein 
environment  itself  plays  a  dominant  role  in  the  HB  mechanism. 
The  dominant  role  of  the  protein  is  further  supported  by  very 
small  difference  between  protein  phonon  spectra  (PSBH)  of  the 
two  samples.  The  pigment-protein  interaction  is  well 
characterized  by  an  inhomogeneous  distribution  function  (IDF) 
determined  from  the  dependence  of  relative  depths  of  saturated 
ZPH's  on  the  burning  wavelength  [4]  (fig. 2).  The  observed  shift 
between  the  maximum  of  the  fluorescence  spectrum  and  the 
maximum  of  IDF  (=  23  cm^)  corresponds  well  with  the  red  shift 
(=  20-22  cm^)  between  ZPH  and  PSBH  in  fig  la,b.  The  excited 
state  lifetimes  shortened  by  fast  EET  were  determined  from 
the  correct  ZPH  widths  at  4.2  K  [5].  The  correct  ZPH  widths 
were  obtained  from  the  study  of  ZPH  width  as  a  function  of 
burning  fluence  (total  burning  energy  dose).  Fig. 3  shows  this 
fluence  experiment  performend  on  PS  II  part,  (the  corresponding 
dependence  for  CPa2  was  presented  in  [4]).  The  zero  fluence 
extrapolated  ZPH  widths  are  1.0  cm  ^  for  CPa2  and  1.7  cm*  for 
PS  II  part,  respectively.  Related  T^^  values  10.6  ps  and  6.2  ps, 
respectively,  documented  slower  EET  in  chlorophyll-protein 
complex  in  gel . 


Fig. 2  Relative  holedepth 
of  zero  phonon  hole  as 
a  function  of  burning 
wavelength  (full  line). 
Dashed  line  -  corres¬ 
ponding  fluorescence 
spectrum 
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Fig. 3  Width  of  zero  phonon 
hole  as  a  function  of 
burning  fluence  (obtained 
for  burning  wavelength 
676.4  nm  at  4.2  K) 
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Hole-burning  spectroscopy  has  been  widely  applied  to  the  Sq-S]  transition  of  organic 
molecules  in  amorphous  hosts  [1-31.  However,  only  very  few  reports  on  the  hole-burning 
spectroscopy  of  the  triplet  state  have  appeared  [4,5],  The  low  oscillator  strength  of  the  Sq-T \ 
transition  is  the  obvious  handicap  in  performing  such  experiments.  The  oscillator  strength  of 
the  Sq-Tj  transition  can  be  dramatically  increased  by  the  heavy  atom  effect  [6]  making  hole- 
burning  experiments  in  the  Sq-T \  transition  more  feasible.  A  very  pronounced  heavy  atom 
effect  can  be  expected  in  ligand-centred  singlet  -triplet  transitions  of  second  and  especially  third 
row  transition  metal  complexes  leading  to  lifetimes  in  the  ps  range. 

In  the  hole-burning  spectrum  of  the  Sq-Tj  transition  it  is  in  principal  possible  to  observe 
sideholes  that  are  separated  from  the  resonant  feature  by  ±D  for  a  chromophore  with  and 
E=0  and  by  ±{D+E),  ±{D-E)  an  ±2E  for  a  molecule  with  D*0  and  E*0.  However,  the  first 
excited  singlet  state  Sj  and  the  phosphorescent  triplet  state  Tj  are  well  known  to  be  poorly 
correlated  in  glasses,  i.e.  the  Sj-Tj  separation  is  not  constant  within  the  inhomogeneous 
distribution.  The  spin  sublevels  of  the  triplet  state  may  also  not  be  correlated.  In  the  case  of  a 
varying  ZFS  within  the  inhomogeneous  distribution,  sideholes  will  be  broader  than  the 
resonant  feature.  If  this  variation  is  large  enough,  no  distinct  sidefeatures  can  be  observed. 

The  present  paper  summarizes  our  work  done  on  the  Sq-Tj  transition  in  organic 
molecules  and  coordination  compounds  embedded  in  amorphous  hosts,  including  the  first 
observation  of  distinct  sideholes  in  a  truly  amorphous  material.  A  more  detailed  account  tx  this 
work  is  to  be  given  elsewhere  [7,8]. 
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Figure  I 

The  hole>reading  technique 
A  line  of  the  At'*’  laser  is  tuned  by  changing  the 
temperature  of  an  intracavity  etalon. 

a  is  the  observed  excitation  spectrum, 

b  the  simultaneously  measured  laser  power, 

C  is  the  ratio  a/b  ,the  hole  spectrum. 

d  is  the  derivative  of  b,  useful  as  a  marker 


The  simple  hole-burning  technique  used  in  this  work  is  effectively  illustrated  in  Fig.  1.  The 
resolution  is  limited  by  the  mode  spacing  of  the  Ar+  laser  used,  which  is  around  143  MHz  for 
a  Spectra  Physics  164  laser. 


Figure  2 

Coronene  in  4:1  1-bromobutane/ethyl  iodide  at  1.6  K. 
The  5145  A  laser  line  was  etalon  tuned. 

The  phosphorescence  was  monitored  at  5617  ±  7  A. 
The  depth  of  the  central  hole  [%]  is  indicated. 


The  expected  sideholes  at  ±D  for  E=0  are  very  well  pronounced  (±2.9  GHz)  in  the  particular 
case  of  coronene  as  seen  in  Fig.  2..  This  result  does  not  come  as  a  surprise.  In 
phosphorescence  line  narrowing  experiments  sidebands  could  be  observed  [I].  Shallower 
holes  were  considerably  narrower  (=500  MHz).  From  an  analysis  of  the  data  we  evaluate  a 
distribution  of  the  ZFS  of  ±0.3  GHz  within  the  probed  distribution.  Coronene  is  a  very  rigid 
and  symmetric  molecule  yet  shows  a  10%  variation  of  the  ZFS.  This  is  significant,  as  we  may 
then  expect  species  that  interact  more  strongly  with  their  environment,  such  as  nitrogen 
heterocycles  to  show  a  much  larger  spread.. 
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Figure  3 

Hole-burning  spectra  at  1.6  K  in  1-bromobutane  for 
a )  2-iodoquinoline 
and  b)  5-bromoacenaphthene 

The  4S78  A  laser  line  was  scanned  and  phosphorescence 
was  monitored  at  4883  ±  2  A  for  the  2-iodoquinoline. 

The  4880  A  laser  line  was  scanned  and  phosphorescence 
was  monitored  at  4957  ±5  A  for  the  5-bromoacenaphthene 
system.  The  hole  depth  and  the  measured  holewidth 
(FWHM)  are  indicated. 


No  distinct  sideholes  could  be  detected  for  the  2-iodoquinoline  and  the  5- 
bromoacenaphthene  systems  in  the  experimental  scanning  range  although  in  principal  six 
sidefeatures  could  appear.  We  are  able  to  conclude  that  the  lack  of  distinct  sideholes  is  most 
likely  due  to  a  non-coirelation  of  the  ZFS's.  This  result  clearly  indicates  that  ODMR  data  on 
triplet  states  in  amtxphous  systems  may  well  be  prone  to  overinteipretation. 


Figure  4 

The  hole-burning  spectrum  of 
[Rh(phpy)2bpyJ‘''  in  glycerol  at  1 .6  K. 

The  4579  A  line  of  an  Ar+  laser  was  scanned 
and  luminescence  was  monitored  at  4744  ±  2  A. 
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No  distinct  sideholes  can  be  observed  within  the  scan  range  of  ±3.8  GHz  from  the  resonant 
feature  for  the  [Rh(phpy)2bpy]'^/glycerol  (phby=phcnyl  pyridine)  system  as  is  illustrated  in 
Fig.  4..  It  is  most  likely  that  in  coordination  compounds  of  this  kind  the  triplet  state  is  very 
poorly  correlated  because  of  the  additional  degrees  of  freedom  in  the  actual  structure  of  the 
molecule.  Thus  sideholes  of  the  same  width  as  the  resonant  feature  will  only  be  rarely 
observed.  It  is  possible  to  extract  quantitative  measures  of  the  spread  of  ZFS's  by  performing 
hole  burning  and  phosphorescence  line  narrowing  experiments  in  magnetic  fields  where  the 
Zeeman  splittings  are  comparable  to  the  ZFS's[7,8]. 

References 

[  1  ]  R.I.  Personov,  "Spectroscopy  and  excitation  dynamics  of  condensed 
molecular  systems"  eds.  V.M.  Agranovich  and  R.M.  Hochstrasser 
(North-Holland,  Amsterdam,  1983)  p.  555. 

[2]  W.E.  Moemer,  ed.  "Persistent  spectral  hole-burning;  science  and 

application"  (Springer,  Berlin,  1989). 

[3]  S.  Vdlker,  Ann.  Rev.  Phys.  Chem.  40  (1989)  499. 

[4]  S.  Lin,  J.  Fiinfschilling  and  I.  Zschokke-Granacher, 

J.  Luminescence  46  (1990)  301. 

[5]  K.K.  Rebane  and  A.A.  Gorokhovskii,  J.  Luminescence  36  (1987)  237. 

[6]  S.P.  McGlynn,  T.  Azumi  and  M.  Kinoshita  "Molecular  spectroscopy  of 
the  triplet  state"  (Prentice  Hall,  Englewood  Cliffs,  1969). 

[7]  H.Riesen  and  E.  Krausz,  Chem.  Phys.  Letters,  in  press. 

[8]  H.Riesen,  E.Krausz,  A.Zilian  and  H.U.Giidel,  Chem.  Phys.  Letters,  in  press. 


86  /  ThE4-l 


Spectral  Hole  Burning:  Dynamical  Approach 
to  Spectral  Diffusion  Problem 

I.  S.  Osad'ko 

Physics  Department,  V.LLenin  State  Pedagogical  University, 
Moscow,  119435,  USSR.  Phone  247-10-04. 


Herzog  and  Hahn  (1)  and  Portis  (2)  while  stiiding  magnetic  resonance 
in  1956  found  hole  broadening  with  time.  This  phenomenon  was  called 
'’spectral  diffusion”.  We  can  derive  from  Bloch  equations  the  following 
e.xpression  for  a  hole  in  spin  population: 


/>oo(oo)  =  1  - 


2A^TiT>i 


Here  A  ^  u)  -  uq  is  the  difference  between  photon  and  resonance  fre¬ 
quences  u;  and  wo,  is  the  intensity  of  the  electromagnetic  field;  Tj 
and  Ti  are  times  of  the  energy  and  phase  rela.xations.  Halfwidth  of  the 
hole  equals  2/T2  at  low  intensity  A^.  Therefore,  Klauder  and  Anderson 
[3)  suggested  that  spectral  diffusion  is  the  dependence  of  on  time. 
Experimental  data  obtained  by  Mims  et.  al.  [4]  confirmed  this  sugges¬ 
tion  because  the  spin  echo  signal  E{2t)  had  unusual  dependence  on  the 
pause  T  : 

E{2t)  a  exp(-mr^).  (2) 

This  result  can  easily  be  explained  if  we  suppose  that  inverse  dephasmg 
time  is  a  linear  function  of  time: 

2/72  =  mr.  (3) 


Klauder  and  Anderson  [3]  offered  a  stochastic  theory  for  the  dipolar 
correlation  function  of  resonant  spins  which  interact  with  an  array  of 
nonresonant  ones.  The  interaction  leads  to  the  temporal  dependence  of 
the  dephasing  time  Tj  of  the  resonant  spins.  The  stochastic  theory  for 
Ta  was  developed  fiuther  [5]  and  extended  over  transitions  in  two  level 
systems  (TLS)  of  glasses  [6]  and  optical  transitions  interacting  with  TLS 
17.8). 
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Why  do  we  reject  the  stochastic  approach  and  use  a  dynamical  one  to 
consider  a  spectral  diffusion  problem  for  optical  transitions  in  amorphous 
solids?  There  is  an  important  reason  for  this. 

As  we  know,  a  dipolar  correlator  <  cl(t)d(0)  >  determines  the  temporal 
behaviour  of  both  optical  free  induced  decay  and  the  intensity  E(2t) 
of  a  photon  echo  signal.  On  the  other  hand,  a  Fourier- transform  of 
<  d(i)d(0)  >  determines  the  optical  band  shape  and  the  hole  shape. 
Using  the  stochastic  approach  we  cannot  derive  a  true  optical  band  shape 
which  usually  consists  of  a  zero  phonon  line  (ZPL)  and  a  phonon  side 
band  (PSB).  On  the  contrary,  the  dynamical  theory  yields  true  formulas 
both  tor  ZPL  and  for  PSB.  These  formulas  aie  in  a  good  agreement  with 
experimental  facts.  As  the  halfwidth  7  of  ZPL  is  expressed  via  optical 
dephasing  time  by  means  of  a  simple  equation 

1/72  =  7/2  +  1/271,  (4) 

we  may  hope  that  a  dynamical  theory  can  lead  to  a  temporal  dependence 
of  72  and  the  dependence  can  differ  from  that  predicted  by  a  stochastic 
theory.  We  must  verify  this  hypothesis. 

Within  the  scope  of  any  dynamical  approach  the  temporal  behaviour  of 
a  dipolar  correlator  is  determined  by  the  dynamics  of  the  impiu  ity  center, 
or  what  is  more  true,  by  a  change  of  the  Fianck-Condon  potential  surface 
upon  electronic  excitation.  This  change  is  called  electron-phonon  inter¬ 
action.  In  amorphous  solids  there  are  both  phonons  and  excitations  of 
TLS  (so-called  iunntlons).  Therefore,  there  is  a  change  in  TLS  upon  elec¬ 
tronic  excitation  as  well.  We  will  call  this  change  the  electron-tunnelon 
interaction  and  it  must  certainly  influence  the  homogeneous  optical  band 
in  amorphous  solids. 

Within  the  scope  of  the  dynamical  approach  we  can  generalize  the 
optical  Bloch  equations  and  derive  novel  equations  for  the  density  matrix 
which  include  formulas  both  for  the  total  absorption  band  P  and  for  the 
fluorescence  band  /*.  The  equations  look  as  follows  [9]: 

Pto(n,t)  =  i(Q  -  i/27i)pio(af)  +  ~  E(n)pu{t)), 

Poi(n,f)  =  m  +  i/27i)poi(n,/)  4-  A(/^(Q)poQ(f)  -  P{n)pn{t)), 

'  Mt)  =  -AJ^^f(pio(n,t)  +  po,(Q,t))  +  Pn{t)/Tu 

,  Pit(<)  =  -PooCO- 
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Here  and  r{U)  are  functions  of  the  absorption  and  fluorescence 

band  shape.  They  are  determined  by  the  following  eqs.: 

P(Q)  =  + 

r{Q)  -  w^Pp  <  a  \  0  6{Vl  +  A-fls  +  (6) 


Here  |  a  >  and  liila  are  eigenfunctions  and  energies  of  phonons  and 
tunnelons  in  the  ground  electronic  state.  |  >  and  ZUp  are  the  same 

for  the  excited  electronic  state.  P„  and  Pp  are  probabilities  to  find  the 
system  in  quantum  states  |  a  >  and  |  jS  >,  respectively. 

£qs.(5)  are  more  complicated  than  the  optical  Bloch  equations  because 
eq8.(5)  allow  for  realistic  optical  bands  consisting  of  ZPL  and  PSB.  If  we 
neglect  PSB  then  optical  bands  become: 

(n  +  Ar  + (7/2)2* 


Substituting  eq.(7)  into  eqs.(5)  and  integrating  t)  and  poi(n.  0  over 
n  we  can  derive  from  eqs.(5)  the  optical  Bloch  equations  [9]. 

For  a  transient  hole  in  the  population  of  the  ground  level  we  And  from 
eqs.(5)  the  following  expression 


Poo(oo)  =  1  - 


2h?TiI9{<Qi) 

1  +2A2ri(/i>(0)  +  /«(0))’ 


This  expression  differs  considerably  from  eq.(l)  because  eq.(8)  describes 
a  hole  consisting  of  ZPL  and  PSB.  For  small  intensity  the  hole  in 
population  is  proportional  to  a  homogeneous  absorption  band  /’(O) 

Poo(oo)  =  1  -  2A^ri/^(0).  (9) 


With  the  help  of  eqs.(6)-(9)  we  can  discuss  such  phenomenon  as  spec¬ 
tral  diffusion.  Indeed,  for  short-living  phonons  and  tunnelons  the  proba¬ 
bilities  Pa  and  Pp  are  of  the  Boltzman  type  so  that  they  depend  only  on 
temperature.  For  long-living  tunnelons  Pa  and  Pp  are  functions  of  time. 
We  can  And  a  temporal  behaviour  of  the  tunnelon  density  matrix.  Using 
it  we  can  calculate  the  temporal  behaviour  of  homogeneous  optical  bands 
determined  by  eqs.(6).  An  analysis  of  the  theoretical  results  shows  that 
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only  intetisities  of  peaks  iti  optical  band  can  depend  on  time.  Homoge¬ 
neous  halfwidth  of  ZPL  does  not  depend  on  time.  This  conclusion  of  the 
dynamical  theory  differs  from  that  of  the  stochastic  theory. 

Does  it  mean  that  we  cannot  explain  the  temporal  broadening  of  holes 
within  the  scope  of  the  dynamical  approach?  No,  it  does  not.  A  hole 
burnt  in  an  inhomogeneous  optical  band  is  a  convolution  of  the  homoge¬ 
neous  absorption  band  -  u;)  and  the  function  n{yjp  —  uj  Ah)  of  the 
population  of  the  gromid  level 

-  aJj)  CSC  JcLjq-  h)‘ 

Here  and  it'o  are  the  frequencies  of  the  probing  and  buining  light,  th 
is  the  burning  time.  Relaxation  of  long-living  tunnelons  in  amorphous 
solids  leads  to  excur  sion  of  resonant  frequencies  u^o  of  different  molecules. 
This  yields  dependence  n  on  the  probing  time  th  so  that  n  =  n(u;b  - 
Therefore,  a  halfwidth  of  a  hole  -  u?*)  depends  on  the 
duration  of  a  burning-probing  cycle. 

Thus,  the  dynamical  theory  for  spectral  diffusion  leads  to  the  time 
independent  expression  for  the  homogeneous  halfwidth  of  ZPL  and  it 
ascribes  temporal  broadening  of  holes  to  temporal  evolution  of  the  pop¬ 
ulation  function  n. 
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Scanning  probe  microscopy  and  gradient  imaging 
are  two  techniques  for  imaging  at  sub-wavelength 
spatial  resolution.  Gradient  imaging  in  the  form  of 
magnetic  resonance  imaging  (MRI)  has  so  fau'  been 
demonstrated  only  in  the  radio-  and  microwave  fre¬ 
quency  domains  [1],  An  extension  of  MRI  to  optical 
frequencies  for  imaging  (semi-)  transparent  objects  is 
of  interest  because  an  optical  photon  detection  pro¬ 
cess  is  inherently  more  sensitive  than  magnetic  induc¬ 
tion  detection,  potentially  leading  to  increased  spatial 
resolution.  Rare-earth  ions  incorporated  into  a  crys¬ 
talline  host  are  promising  as  a  prototype  system  for 
demonstration  of  high  spatial  resolution  OMRI. 

In  resonance  imaging  spatial  resolution  is  obtained 
by  “focussing”  in  the  frequency  rather  than  space  do¬ 
main  and  thus  spatial  resolution  is  not  directly  de¬ 
pendent  on  the  wavelength  of  the  exciting  waves.  A 
simple  estimate  for  the  minimum  resolvable  detail  size 
can  be  given  by  considering  magnetic  resonance  imag¬ 
ing  of  centers  containing  a  Zeeman  doublet  (lower 
level  0  and  upper  level  1). 


Figure  1;  Principle  of  resonance  imaging. 


Fig.  1  illustrates  the  consequence  of  line  broaden¬ 
ing  effects  in  resonance  imaging,  showing  schemati¬ 
cally  the  transition  frequency  of  centers  as  a  function 
of  their  location  x  in  the  gradient  field  of  strength 
G.  Any  center  in  the  object  exhibits  an  absorption 
line  profile  of  full-width  (FWHM)  F.  For  a  partic¬ 


ular  excitation  frequency  centers  within  a  slice  of 
nonzero  thickness  around  Xr  are  excited  with  prob¬ 
ability  depending  on  the  lineshape,  and  the  FWHM 
6  of  the  spatial  excitation  profile  is  given  by  6  = 
r/(5j/oi(a:r)/dx).  For  the  linear  Zeeman  effect  6  = 
r/fiG,  where  fi  is  the  magnetic  moment.  In  practice, 
spatial  resolution  in  nuclear  and  electron  spin  MRI  is 
limited  by  the  decrease  in  sensitivity  with  increasing 
resolution,  due  to  the  decreeise  in  number  of  centers 
per  image  element. 

To  estimate  the  feasibility  of  ^m-resolution  imag¬ 
ing  of  mm-size  samples  by  OMRI,  we  take  as  realistic 
upper  limit  for  gradient  strength  G  =  3T/cm  [2]  and 
a  magnetic  moment  p  =  30GHz/T.  The  linewidth 
required  to  satisfy  (5  <  1  pm  is  F  <  10  MHz. 

A  conden.  ?d  matter  system  in  which  this  condi¬ 
tion  is  satisfied  are  rare-earth  ions  in  crystalline  hosts. 
At  temperatures  in  the  Kelvin  range  homogeneous 
linewidths  can  be  less  than  1  MHz.  [3].  Inhomoge¬ 
neous  broadening,  typically  exceeding  several  GHz, 
then  dominates  the  linewidth.  High  spatial  i..>solu- 
tion  imaging  is  therfore  not  possible  with  simple  im¬ 
plementations  of  OMRI,  where  a  single  optical  tran¬ 
sition  frequency  is  used  as  a  measure  of  external  field 
strength  and  thus  spatial  location,  e.g.  in  a  laser  ab¬ 
sorption  measurement.  Instead  techniques  probing 
within  the  inhomogeneous  broadening  must  be  em¬ 
ployed  [3,4], 

Spectroscopic  methods  of  potential  use  in  OMRI 
may  be  distinguished  according  to  whether  a  Zeeman 
sublevel  splitting  (zero  in  absence  of  external  field) 
or  a  ligand  field  level  (multiplet  or  term)  splitting  is 
probed  with  high  spectral  resolution.  Examples  of  the 
first  class  are  optically  detected  magnetic  resonance 
(ODMR)  [5],  Zeeman  Raman  scattering,  Raman  het¬ 
erodyne  NMR  and  ESR,  holefilling  MR,  photon  echo 
nuclear  double  resonance  and  quantum  beat  free  in¬ 
duction  decay  [3], 

Here  we  focus  on  holeburning  Zeeman  spec¬ 
troscopy,  which  belongs  to  the  second  class.  Un¬ 
like  conventional  MRI  it  is  a  noncoherent  technique. 
The  imaging  process  consists  of  a  holeburning  step 
(Fig.  2),  the  application  of  a  field  gradient  and  a 
hole  reading  step  (Fig.  3).  Consider  centers  that 
can  be  modeled  by  a  three-level  system  consisting 
of  a  groundstate  Kramers  doublet,  comprising  lev¬ 
els  0  and  1,  and  a  field-independent  excited  state 
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Figure  2:  Sublevel  population  distribution  after  burn-  Figure  3:  Changes  occuring  in  the  absorption  (or 
ing  into  the  g  — ►  e-transition  with  a  laser  field  i/;,.  resonance  fluorescence)  spectrum  when  an  inhomo- 
(thick  arrow)  geneous  field  Gx  is  applied. 


Position 

e.  The  external  field  is  a  sum  of  a  constant  term 
and  a  gradient  field  that  can  be  turned  on  or  off, 
fi(r)  =  B{x)  =  Bq+Gx.  The  homogeneous  linewidth 
F/i  of  the  0, 1  — ►  e  transition  is  ttF^  =  1 IT2  -I-  Fe,  with 
the  dephasing  time  and  the  decay  rate  Fc  from  the 
excited  state  to  the  groundstate. 

In  the  holeburning  process,  population  is  trans¬ 
ferred  by  a  laser  field  of  photon  flux  Fj  and  frequency 
Ui  from  one  of  the  sublevels  to  the  other  via  level  e; 
if  the  inhomogeneous  broadening  A£  is  larger  than 
the  splitting  fxB,  the  sublevel  of  origin  is  either  0  or 
1,  depending  on  £«,  the  reservoir  then  being  1  and 
0,  respectively.  As  a  consequence  the  spectrum  con¬ 
tains  both  holes  and  anti-holes  whose  lifetime  is  given 
by  the  intersublevel  relaxation  time  Fg/.  This  type 
of  holeburning  mechanism  was  observed  recently  in 
the  '^19/2  — transitions  of  Nd^'^iLaFa  at 
1.6  K  [6]. 

The  timescale  for  the  creation  of  the  (anti-)  holes 
is  F“F  If  the  burn  time  is  short,  their  width  as  mea¬ 
sured  by  a  probe  beam  is  2  F/,. 

The  essential  step  in  holeburning  OMRl  is  the  ap¬ 
plication  of  the  gradient  field  G  between  the  burning 
and  reading  steps.  In  this  way  a  position-dependent 
shift  is  impressed  to  the  holes  and  anti-holes  which 
encodes  information  about  the  ions’  location  along 
the  gradient  direction. 

A  fast  and  precise  measurement  of  the  (anti-)  hole 
spectrum  is  essential  for  satisfactory  performance  of 
OMRI  This  problem  hats  been  discussed  in  the  con¬ 
text  of  frequency  domain  optical  storage  of  substances 
exhibiting  persistent  spectral  holeburning  [7].  Impor¬ 
tant  differences  exist  however,  in  that  high  resolution 
OMRI  requires  holewidths  F^  below  1  MHz  and  small 
inhomogeneous  broadening,  while  the  opposite  is  true 
for  storage  applications. 

We  have  cailculated  the  measurement  signal-to- 
noise  ratio  (SNR)  for  fluorescence  and  absorption  de¬ 
tection  assuming  quantum-limited  sensitivity. 

The  signal  at  the  probe  frequency  i/r  is  a  convolu- 


Position 

tion  of  the  center  distribution  function  with  the  hole 
absorption  lineshape,  peaked  in  the  slice  located  at 
Xr  =  (r'r  -  i>h)hiG\ 


5(t^r) 


_ _ dV 

1 -|-4(j--x,)V62 


The  full-width  at  half  maximum  6  —  2Th/lJ^G  ,  can 
be  identified  with  the  spatial  resolution  introduced 
before.  For  fluorescence  detection  the  average  SNR 
associated  with  the  value  of  center  concentration  in  a 
slice  of  thickness  6  is 

FAFproj  —  \/V/  Vpm  Vc  "v/A  ^  , 

where  N  =  7rFr<r<^mCdTFh/2AF,  with  burn  time 
tr,  peak  absorption  cross  section  (T,n,  average  center 
concentration  cj,  sample  volume  V,  hole  depth  dg 
and  total  fluorescence  detection  efficiency  ry/Jjpmf/c- 
For  frequency-modulation  absorption  spectroscopy 
the  SNR  is 


SNR^ro,  =  ^yT7rde-^C'«'/?(,z,)/2yiv^  ,  (1) 


with  the  absorption  coefficient  0(i'c)  = 

’'■<^mFftCdV'/2AAF,  A  being  the  cross  section  of  the 
sample  perpendicular  to  the  read  beam,  At  the  mod¬ 
ulation  index,  and  ijpd  the  total  absorption  detection 
efficiency. 

Since  the  reading  process  involves  population 
transfer,  it  destroys  the  holes  and  anti-holes.  There¬ 
fore  a  useful  signal  is  obtained  only  for  a  finite  read 
time  and  consequently  both  SNR  have  upper  limits, 
given  by  the  condition  of  weak  excitation  probability. 

1  ,  A/'FrRo’m  ^  f  .  respectively.  The 
important  dependences  of  the  SNR  are  the  linear  de¬ 
crease  of  signal  to  noise  with  resolution  length  (due 
to  the  contribution  ~  dof>  of  a  particular  slice  to  the 
absorption  coefficient  compared  to  the  background  re¬ 
sponse  ~  L)  and  the  dependence  on  the  ratio  of  homo¬ 
geneous  to  inhomogeneous  broadening,  F^/AF,  due 
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to  the  probing  of  a  small  homogeneously  broadened 
packet  within  the  inhomogeneous  distribution. 

Fundamental  limits  for  imaging  speed  arise  from 
the  times  associated  with  the  laser-induced  popu¬ 
lation  transfer  (burning  or  pumping),  and  the  ab¬ 
sorption  or  fluorescence  measurement  of  the  non¬ 
equilibrium  population.  To  obtain  a  full  projection 
S(ur),  the  me2isurement  is  repeated  Lj^x  times, 
the  number  of  pixels  (slices)  per  projection.  Two 
timescales  are  relevant  to  the  scan  time  tproj:  the 
excited  state  lifetime  and  the  inter-sublevel  ther- 
malization  time  Fgj^.  The  first  determines  the  dura¬ 
tion  of  the  holeburning  process,  the  second  whether  a 
single  burn  step  is  sufficient  for  the  entire  scan.  Here 
we  cissume  Fqi^  >  fproj- 

While  the  write  step  hsis  equal  length  for  the  flu¬ 
orescence  and  the  absorption  technique,  the  reading 
times  differ.  In  fluorescence  detection  the  accumula¬ 
tion  of  photon  counts  requires  a  time  equal  to  sev¬ 
eral  fluorescence  decay  times  l/r^.  Thus  we  can  es¬ 
timate  a  lower  limit  for  the  scan  time  as  the  product 
of  the  number  of  pixels  (slices)  per  projection  and  a 
time  of  the  order  of  l/Fe,  tproj  —  bL/Ve^x  ,  where 
fproj  <  Fg/  and  -C  Fj*  is  cissumed.  Absorption 
detection  is  inherently  faster  than  fluorescence  detec¬ 
tion  since  the  measurement  time  is  the  pulse  dura¬ 
tion  tr  itself  [8),  with  a  lower  limit  ir  >  F^^  Thus, 
fproj  ^  5(1/F«  -I-  /i/FftAx)  . 

The  above  results  can  be  combined  to  quantify 
the  feasibility  of  high-resolution  OMRI.  In  an  actual 
application  an  image  with  a  certain  minimum  spa¬ 
tial  resolution  and  SNR^"^  per  pixel  is  desired.  If 
5iV/iproj  <  averaging  is  necessary;  if  ev¬ 

ery  projection  is  measured  q  times,  the  total  imaging 
time  and  signal-to-noise  ratio  per  projection  become 
i\d  =  qtpra},  SNRs  =  y/q  SNRp^a^  . 

We  have  performed  model  calculations  assuming 
the  system  to  be  imaged  to  be  a  crystalline  host 
(e.g.  CaF2,  LaFa,  YAIO3)  doped  with  rare-earth  ions 
at  the  0.1%-level  and  take  a  gradient  Gmai  —  3T/cm. 
Assuming  a  homogeneous  linewidth  F/,  =50  kHz 
and  a  magnetic  moment  p  =30GHz/T,  this  implies 
a  maximum  attainable  resolution  of  approximately 
10  nm,  about  two  orders  of  magnitude  smaller  than 
the  optical  wavelengths  c/t/j  ^  involved  in  the  spec¬ 
troscopy  of  the  4f”  — -df”  transitions  of  rare  earth 
ions.  Figured  shows  the  imaging  time  required  to 
produce  a  one-dimensional  image  of  center  distribu¬ 
tion,  with  SNR  larger  than  as  a  function  of 

resolution  6  for  the  two  hole  reading  schemes.  The 
number  of  pixels  L/h  is  kept  constant,  implying  a 
decreasing  extension  L  of  the  sample  in  the  gradi¬ 
ent  direction  with  decreasing  resolution  and  a  con¬ 
stant  imaging  time  in  the  no-averaging  regime.  For 
the  sample  dimensions  chosen  in  the  figure,  absorp¬ 
tion  detection  is  significantly  faster  than  fluorescence 
detection.  To  achieve  sufficient  image  quality  in  the 
pm  regime  and  below,  averaging  is  necessary,  with 


Figure  4;  OMRI  by  holeburning  spectroscopy;  imag¬ 
ing  time  for  Id  imaging  of  a  rare-earth  doped  crystal 
of  length  L  and  thickness  D 


gradient  G  [T/m] 

300  30  3  0.3  0.03 


resolution  5  [jjm] 

imaging  times  scaling  inversely  with  8  for  both  fluo¬ 
rescence  detection  and  absorption  detection  with  the 
read  beam  propagating  perpendicular  to  the  gradient. 
The  parameter  values  are  cj  =  10^°cm~^,  AE  =  5 
GHz,  1/Fe  =  1  ms,  oscillator  strength  /  =  10~®, 
<Tm  =  3.4  10“'® cm^,  M  =  0.2,  r}jT]pmr]c  -  10"^, 
Vpd  =  0.5,  do  =  0.1. 

Two-  and  three-dimensional  OMRI  is  possible  by 
applying  well-known  techniques  used  in  computerized 
tomography  (CT),  that  permit  image  reconstruction 
from  multiple  tomographic  projections  [9].  Consider 
2-d  imaging  of  an  object  of  cylindrical  shape  with  di¬ 
ameter  L  and  tickness  D.  A  single  frequency  scan 
S(i/r,d>),  where  4>  is  the  orientation  angle  of  the  ob¬ 
ject  with  respect  to  the  gradient,  gives  the  projection 
of  the  center  density  inside  the  disk  onto  the  gradient 
direction.  To  obtain  sufficient  information  to  com¬ 
pletely  determine  the  image  of  to  an  accuracy  Ax,  a 
multiangle  set  of  p  =  L/Ax  such  projections  is  re¬ 
quired,  at  intervals  A<^  =  irAxfL.  The  reconstructed 
image  R(x,y)  is  computed  from  the  set  {S(t'r.c!>)} 
usinR  the  filtered  back-projection  algorithm  or  other 
reconstruction  techniques. 

It  has  been  shown  [9,10],  that  the  average  signal- 
to-noise  ratio  per  image  pixel  is  related  to  the  pro¬ 
jection  SNR  by  SNRff=SNRs  y/Ax/L.  leading  to 
f2J=(F/Ax)“  (5A'^/ffl/5NRproj)^  tproj  >  which  is  valid 
for  any  OMRI  technique  based  on  tomography.  Nu¬ 
merical  values  for  the  imaging  time  of  a  cylindrical 
section  as  a  function  of  resolution  have  been  plotted 
in  Fig,  5  for  two  sample  sizes  and  low  SNR'^"^  =  10. 

Because  of  the  decrease  in  SNR  in  the  projection 
reconstruction  process  and  the  sequential  measure¬ 
ment  of  the  angular  set  of  projections,  the  imaging 
time  is  several  orders  of  magnitude  longer  than  in  the 
Id  case  for  given  8.  Al.so,  averaging  is  now  neces¬ 
sary  below  6  ~  20  —  lOOpm.  With  L/6  constant,  the 
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Figure  5:  Imaging  time  for  2d-holeburning  OMRI. 

gradient  G  [T/m] 


1  10  100 
resolution  Ax  [jim] 


scaling  of  <2d  in  this  case  is  ~  6~'^  for  fluorescence 
detection  and  FM  spectroscopy  using  perpendicular 
propagation.  Again,  the  latter  technique  is  the  faster 
one  when  the  thickness  D  >  0.3  mm. 

An  important  result  is  the  impossibility  of  reaching 
the  theoretical  resolution  limit  dmin  =  2Th/ ^iGmax 
within  a  reasonable  imaging  time  using  holeburning 
OMRI  because  of  the  large  ratio  AE/Fh  of  inhomo¬ 
geneous  to  homogeneous  broadening.  Furthermore,  it 
is  evident  from  the  figure  that  at  least  for  the  present 
parameter  values,  microscopic  imaging  at  resolutions 
comparable  to  those  attained  in  conventional  micro¬ 
scopes  is  possible  only  using  absorption  detection. 

For  realistic  sub-wavelength  imaging  (6  =  l^m, 
L=:20^m,  D=lmm)  imaging  times  of  the  order  of 
100  s  would  be  desirable.  This  leads  to  the  following 
requirements  for  the  centers:  linear  electronic  Zeeman 
effect  in  the  ground  state  without  hyperfine  structure, 
homogeneous  linewidth  F/,  ~  0.5 MHz,  hole  lifetime 
1/Foi  ~  10ms  (comparable  to  fproj),  inhomogeneous 
broadening  AE  <  500  MHz  and  oscillator  strength 

/  >  10-T 

In  conclusion,  we  have  introd  ^-ed  optical  reso¬ 
nance  gradient  imaging  and  discussed  tv\o  holeburn¬ 
ing  laser  spectroscopic  techniques  based  on  two-step 
incoherent  pump/probe  excitations.  With  increasing 
resolving  power  signal  strengths  are  found  to  decrease 
rapidly,  limiting  resolution  to  the  /im-regime  for  two- 
dimensional  imaging.  Alternative  spectroscopic  tech¬ 
niques  have  been  discussed  elsewh  e  [11]. 
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The  group  of  Moerner,et  ah,  first  reported  two-color  hole-burning 
by  donor-acceptor  electron  transfer  for  a  derivati-ce  of  zinc- 
tetrabenzoporphy rin  as  a  donor  ^’ith  halomethane  acceptors  in  a 
polylmethyl  methacrylate)  (PMMA)  thin  film  [IJ.  Their  results  have 
opened  up  a  new  class  of  materials  for  photon-gating. 

We  report  a  new  example  photon-gated  photochemical  hole  burning 
(PHB)  in  which  donor-acceptor  electron  transfer  is  responsible  for 
hole  formation.  The  donor  molecules  are  also  derivatives  of 
tetrabenzoporphyrin,  one  of  which  is  meso-tetra(p-tolyl)-zinc- 
tetrabenzoporphyrin  (TZT).  The  host  matrix  is  PMMA.  The  acceptor  can 
be  one  of  several  aromatic  cyanide  (AC)  for  example,  cyanoanthracene, 
cyanonaphthalene,  and  cyanobenzene  etc..  The  TZT  donor  molecule  was 
synthesized  by  a  modified  procedure  and  purified  by  extraction  and 
liquid  chromatography.  The  PMMA  host  used  Mp  ~  10°,  M^/M^^  =  2,0. 
Aromatic  cyanide  are  obtained  from  Aldrich  Chemicals.  Optical  samples 
were  prepared  by  mixing  the  chloroform  solution  of  TZT,  AC  and  PMMA 
in  appropriate  ratio  and  evaporating  the  solvent  on  the  optical  glass. 
Concentration  of  the  sample  was  adjusted  to  give  thin  film  with  the 
thickness  of  50-150  /.im.  The  optical  density  at  the  intended  wavelength 
was  in  the  range  of  0.3  -  1.0  at  room  temperature.  Samples  were  placed 
in  an  optical  immersion  cryostat  containing  liquid  helium.  All  PHB 
experiments  were  performed  at  4.2K. 

Two  types  of  PHB  experiments  were  c.arried  out.  In  one,  an  Ar^  ion 
laser  pumped  ring  dye  laser  (Spectra-Pnysics  380D)  was  used  to  provide 
for  exciting  the  0-0  component  of  the  Sj-— Sq  transition  of  TZT 
molecule  in  PMMA.  The  dye  laser  provides  narrow  iinewidth  (0.5MHz) 
and  scanning  stabilized  single  frequency  radiation  for  high  resohition 
PHB  experiments.  In  the  second  type  of  experiment,  removing  the 
etalons  and  unidirectional  device  from  the  laser  cavity,  the  laser  was 
a  broadband  dye  laser  which  featured  high  power  output  and  multimode 
5GHz  for  an  application  of  encoding  multiple  hole  burning  over  a  large 
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range  of  wavelength.  Typical  frequency-selective  power  was  1-16 ^W. 
The  gating  radiation  provided  by  a  5-20inW  beam  from  the  Ar'*' 

laser.  Spectral  hole  detectioi  was  performed  by  scanning  X  j  and 
detecting  the  sample  transmission  Hole  depth  was  determined  from  the 
acquired  spectra  as  AT/Tj,  where  AT  is  the  final  minus  the  initial 
transmittance  Tj  at  the  laser  wavelength  \j^. 

The  system  of  TZT/AC/PMMA  has  an  inhomogeneously  broadened 
absorption  band  of  about  370cm~^  centered  at  625nm.  When  irradiated 
into  the  0-0  absorption  band,  the  system  was  found  to  readily  undergo 
hole  burning.  It  was  observed,  however, that  the  hole  burning 
efficiency  was  much  less  on  the  blue  edge  of  the  absorption  band  than 
it  was  on  the  red  edge.  Fig.  1  shows  a  hole  burned  in  TZT/AC/PMMA 
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Fig.  1.  Example  of  photo-gated  PHB 
for  TZT/AC/PMMA  with  P^  =  16  pVI 
^2  -  16mW  for  100s  at  X  j  = 

629. 4nm. 


with  frequency-selective  power  Pj  of  16  juV  and  a  gating  light 
power  P2  of  16mW  for  100s.  The  hole  depth  and  width  were  46%  and  7GHz, 
respectively.  The  multiplexing  factor  m,  which  is  the  ratio  of  the 
total  inhomogeneous  linewidth  P  divided  by  the  hole  width  P  jjole 
tended  to  1600.  Attempts  to  produce  a  measurable  one-color  hole  under 
these  conditions  were  unsuccessful.  Only  with  much  higher  Pj  and 
longer  burnt  time  can  single  photon  holes  be  burned.  So  we  could  use 
high  detection  power  (1-10%  of  burning  power)  to  gain  adequate  SNR. 

A  feature  of  this  system  is  easy  to  make  and  keep  a  sample  with 
appropriate  donor-acceptor  concentration  ratio,  as  the  acceptor  AC  has 
proper  redox  potential  and  much  higher  boiling  point  than  that  of 
halomethane  the  donor-acceptor  concentration  ratio  can  be  controlled 
easily  and  the  acceptable  samples  can  be  placed  in  air  at  room 
temperature  for  a  long  time.  For  example,  the  depth  of  a  hole  burned 
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in  a  sample  which  had  been  placed  at  room  temperature  for  ten  months 
and  had  been  burned  many  times  could  still  be  up  134%. 

Hole  lifetime  was  measured.  After  4  hours  from  burning,  the  hole 
depth  decreased  by  30%  and  then  go  down  slowly.  The  experiment  was 
limited  by  the  time  of  keeping  liquid  helium. 

A  comparison  of  multiple  hole  burning  between  TZT/AC/PMMA  and 
TZT/CHCI3/PMMA  is  shown  in  Fig.  2.  The  sample  of  TZT/AC/PMMA  used 
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Fig.  2.  A  comparison  of  multiple  bole  burning  between 
(a)  TZT/AC/PMMA  (b)  TZT/CHCI3/PMMA  with  P,=3.7  fx^ 
and  P2=10mW  for  2min. 

for  the  experiment  had  been  placed  in  air  at  room  temperature  for 
three  months,  it  was  found  that  there  were  substantial  differences  in 
the  hole-filling  behavior  accompanied  by  subsequent  hole  burning  in 
these  two  systems.  For  TZT/CHCI3/PMMA  the  depth  of  previously  burnt 
holes  was  considerably  reduced  by  the  subsequent  hole  burning  at 
different  wavelength,  while  for  the  system  of  TZT/AC/PMMA  the 
following  hole  burnings  had  a  less  effect  on  the  depth  of  the 
previous.  Subsequent  hole  burning  induced  the  hole  filling  via 
backreaction.  Results  described  above  shows  as  a  acceptor  AC  is  better 
than  CHCI3.  When  a  sample  in  which  a  gated  hole  had  formed  was 
irradiated  only  by  the  gating  light  for  several  minutes  the  depth  of 
the  burnt  hole  decreased.  It  suggests  that  the  gating  radiation  would 


ThE6-4  /  97 


cause  the  backreaction.  Reducing  gating  power  and  irradiation  time 
would  be  good  for  the  reduction  of  hole  filling.  The  detailed 
mechanisms  for  the  hole  filling  and  search  for  proper  gating 
radiations  and  acceptors  will  be  further  studied  in  future  work. 
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INTRODUCTION 

Recently  the  sol-gel  process  for  preparing  amorphous  materials  has  been  studied.  The 
low  processing  temperatures  enable  us  to  dope  the  gel  with  functional  organic  molecules.  Such 
molecules  have  poor  thermal  stability  and  cannot  be  included  in  traditional  oxide  glasses. 
Avnir  et  al.’’^^  have  been  reported  the  preparation  and  optical  properties  of  amorphous  silica 
doped  with  rhodamine  6G  and  pyrene.  Makishima  and  Tani^'*'  have  doped  one  with  1,4- 
dihydr-oxy-9,10-anthraquinone  (DAQ)  and  showed  photochemical  hole  burning  (PKB)  at  4.8 
K.  They  have  also  demonstrated  that  other  organic  molecules  can  be  successfully  incorporated 
into  sol-gel  matrices.  The  number  of  potential  applications  of  such  materials  is  expected  to  be 
substantial. 

Although  materials  have  been  synthesized,  little  is  known  about  the  structure  of  sol- 
gel  matrix  and  the  interaction  between  the  molecule  and  the  matrix,  PKB  has  attracted 
considerable  interest  as  a  tool  for  high-resolution  solid  state  spectroscopy.^'*' 

The  sol-gel  thin  film  is  expected  to  possess  several  advantages  over  gel  bulks.  Several 
studies’  *®'  suggest  the  differences  of  the  structure  and  properties  between  bulks  and  thin  films. 
Kowever,  due  to  the  thickness,  there  have  been  rather  few  investigations  attempting  to  obtain 
structural  information  directly.  Recently  the  use  of  organic  molecule  appears  to  be  one 
approach  for  supplying  new  insights  regarding  the  chemistry  of  sol-gel  materials.**  In  this 
point  of  view  PKB  is  expected  to  be  high  potential.  We  report  here  the  preparation  of  sol- 
gel  thin  films  doped  with  the  porphine  derivative  and  its  application  to  PKB. 

EXPERIMENTAL 

The  reagents  used  were:  tetraphenylporphine 
tetrasulfonic  Acid(TPPS);  tetrakis(4-carboxy-phenyl) 
porphine  (TCPP);  tetrakis(l-methylpyridinium-4-yI)- 
porphine  p-toluene-sulfonate  (TMPyP);  tetraethoxy-silane 
(TEOS);  ethanol;  hydrochloric  acid;  acetic  acid;  ammonia 
solution  and  sodium  hydroxide.  Molecular  structures  of 
TPPS,  TCPP  and  TMPyP  are  illustrated  in  Figure  1. 

Starting  solutions  were  prepared  by  mixing  ethanol, 

TEOS,  catalyst(KCl,  CK3COOK,  NK,OK  or  NaOK 
solution)  and  each  porphine  derivative  dissolved  in 
distilled  water  at  room  temperature.  The  solution  was 
kept  for  several  days  at  20‘’C.  Microscope  cover  glasses 
used  as  substrate  were  dipped  into  the  solutions. 


TMPyP 

Figure  1  Molecular  structures  of 
porphine  derivatives. 
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structure  and  dehydrate  the  water 
contents. 

It  is  necessary  for  PHB 
measurement  to  adjust  the  concen¬ 
tration  of  TMPyP  in  the  amorphous 
silica  film  to  an  optical  density  of 
about  0.4  at  burning  wave-length.  It 
is  critical  to  provide  films  about  1 
pm  in  thickness  and  these  films  are 
two  or  three  orders  thinner  than  gel 
bulks  and  polymer  films.  Therefore, 
we  have  to  prepare  the  films  with 
high  TMPyP  concentration.  Figure  5 
shows  absorption  and  fluorescence 
spectra  of  the  films  with  various 
[TMPyP]/[TEOS]  molar  ratio. 
Spectral  profiles  of  fluorescence 
show  no  dependence  on  the  exci¬ 
tation  wavelength  and  are  almost 
equal  to  the  those  of  the  solutions.  It 
should  be  note  that  there  is  a  tenden¬ 
cy  for  intensity  of  the  peaks  to 
saturate  in  0.005  [TMPyP]  /[TEOS] 
and  over.  This  saturation  is  mainly 
due  to  concentration  quenching  in 
high  TMPyP  concentration. 

The  hole  is  burned  by  the 
laser  light  irradiation  with  the 
intensity  of  0.44mW/cm^  at  about 
20K.  An  observable  hole  appears 
with  Imin  exposure.  Figure  6  shows 
typical  profiles  of  the  hole  at  647.6 
nm.  The  efficiency  of  apparent 
quantum  yield,  O ,  can  be  calculated 
from  the  initial  slope,  [d(A/Ao)/dtl,^, 
by  using  following  equation, 

-  _  [d(A/A,)/dt],^o 

^  10^Io(l-10^'’)eR 

where  Ao  is  the  absorbance  before 
irradiation,  lo  is  incident  laser 
intensity,  e  is  the  molar  extinction 
coefficient  at  hole  burning 
wavelength  and  temperature,  and  R  is 
the  reciprocal  initial  fraction  of 
photoreactive  molecules  within  a 
homogenous  line  width.  The  value  of 
apparent  quantum  yield  for  TMPyP  is 
l.l^lO’  calculated  from  the  equation. 
The  value  of  that  for  TMPyP  at  4.4K 


Figure  3  AbsorpiJon  spectra  oi  TMPyP  doped  amorphous 
silica  films  heat-ireaied  at  various  temperatures. 


Temperature  (°C) 


Figure  4  Change  of  absorbances  at  Soret  band  of  TMPyP 
o  and  TPPS  •  doped  amorphous  silica  films  heat-treated  at 
various  temperatures. 


Wavelength  (nm) 

Figure  5  Absorption  and  fluorescence  spectra  of  TMPyP 
doped  amorphous  silica  films  as  a  function  of  TMPyP 
concentration,  a,  |TMPyP]/[TEO.S  1=0.01 ;  b,  0.005;  c,  0.(X)1; 
d,  0.0005;  e.  0.000 1. 
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withdrawn  at  16mm/min  and  heated  at  100  to  500°C.  The  process  of  dipping  and  heat- 
treatment  was  repeated  if  necessary. 

Film  thickness  was  measured  using  a  Talystep  apparatus.  The  influences  of  pH  of  the 
starting  solution,  temperature  of  heat-treatment  and  the  concentration  of  porphin  on  the 
porphin  in  the  thin  films  were  investigated  by  the  absorption  and  fluorescence  spectra. 

Photochemical  hole  burning  was  measured  at  about  20K.  Details  of  the  apparatus  were 
given  previously.’^ 

RESULTS  and  DISCUSSION 

We  obtained  homogeneous  films  doped  with  TPPS  and  TMPyP  without  macroscopic 
segregation.  Figure  2  presents  the  characteristic  absorption  spectra  of  TMPyP  doped  amorphous 
silica  films.  The  molar  ratios  of  the  starting  solutions  were  TEOSiHjOiEtOHiHChTMPyP  = 
1:20:  14:0.1-0.0001:0.003.  It  is  noteworthy  that  TMPyP  in  the  film  prepared  from  the  solutions 
at  pH  4.5  is  neutral  (H2L)  form.  This  spectrum  with  4  peaks  in  range  of  500  to  700  nm,  what 
is  called  a  Q  band,  is  typical  one  of  the  neural  form.  The  absorption  spectrum  of  TMPyP  in 
the  film  from  the  solution  at  pH  2.5  corresponds  to  that  in  aqueous  solution  at  pH  1.  The 
color  of  the  former  is  brown  and  the  latter  is  yellow-green.  The  color  of  TPPS  doped 
amorphous  silica  films  is  green,  expect  for  one  prepared  from  the  starting  solution  with  base- 
catalyst.  The  absorption  spectra  of  TPPS  doped  amorphous  silica  films  correspond  to  TPPS 
in  aqueous  solution  at  pH  1  and  not  to  that  of  di-cation  (H4L^*)  form.  The  solution  with  base- 
catalyst  gelled  in  a  short  time  and  it  is  difficult  to  prepare  homogeneous  films.  TCPP  was 
insoluble  in  water  with  acid-catalyst. 

The  porphins  have  neutral 
(HjL),  mono-cationCHjL*)  and  di¬ 
cation  (H4L^*)  forms,  which  exist  at 
different  acidities,  and  the  equilibri¬ 
um  constants  are  shown  in  Table  1. 

Only  the  neutral  form  is  active  in 
PHB.  Under  acidic  condition  TPPS 
and  TMPyP  are  very  soluble  in  water 
and  TPPS  is  easily  protonated  at  its 
central  nitrogen  atoms,  H4L’'^  form.  It 
is  concluded  that  TMPyP  is  the  best 
for  our  process  in  three  porphine 
derivative. 

Figure  3  shows  the  absorption 
spectra  of  TMPyP  doped  amorphous 
silica  films  as  a  function  of 
temperature  of  heat-treatment  for 
lOmin.  The  change  of  the  absorbance 
of  Soret  band  is  plotted  in  Figure  4 
with  the  case  of  TPPS  doped  films. 

These  results  indicate  that  the 
TMPyP  and  TPPS  in  the  silica 
matrix  is  stable  up  to  ca.  200"C.  It 
was  found  that  the  porphins  doped 
amorphous  silica  film  could  be  heat- 
treated  up  to  200“C  to  stabilize  the 


Figure  2  Absorption  specua  of  TMPyP  doped  amorphous 
silica  films  prepared  from  the  starting  solution  at  pH  4.5  (a) 
and  2.5  (b). 


Table  1  The  equilibrium  constants  for  TPPS,  TCPP 
and  TMPyP. 

TPPS  TCPP  TMPyP 


pKa3  4.96  2.1  2.06  (  HjL  +  H3L*) 

pKa*  4.86  0.8  (  H,L  +  H^L^*) 

pKac=6.7 
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is  1^10'^  in  amorphous  silica  reported 
by  Tani  et  al.  Our  value  is  one-order 
lower  in  consideration  of  the 
temperature  dependence.  It  is  not 
clear  at  this  time  what  is  the  origin 
for  our  low  value  of  apparent 
quantum  yield.  The  value  of  the 
energy  difference  between  a  zero- 
phonon  hole  and  a  pseudo-side  hole, 

E„  is  21.8cm  '.  The  E,  value  is 
proved  to  be  an  inherent  parameter 
to  the  matrix  and  indicates  the 
temperature  dependence  of  Debye- 
Waller  factor  at  low  temperature.’’ 

This  value  of  E,  is  as  large  as  that 
of  poly(vinyl  alcohol)  and  larger  than 
those  of  other  polymer  matrices. 
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Figure  6  Typical  photochemical  hole  of  TMPyP  in  sol-gel 
thin  film  at  about  20  K  and  647.6  nm. 
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1 .  Introduction 

PHB  memory  has  been  a  good  candidate  for  a  future  ultra  high  density 
memory  for  these  ten  years.  This  PHB  memory  is  considered  to  realize  the 
recording  density  of  1000  times  higher  than  conventional  optical  memories 
because  it  can  store  wavelength-multiplicitically  1000  bits  in  a  l-pm 
diameter  recording  spot.  But  not  so  many  researchers  are  working  on  PHB 
memory  compared  to  the  number  of  researchers  wrestling  with  realization 
of  higher  recording  density  of  other  types  of  memory  such  as  magnetic  or 
optical  ones.  One  of  the  reasons  is  based  on  the  doubt  whether  high  speed 
readout  is  possible  in  such  a  high  density  recording  in  l-pm  diameter  spot. 
Therefore  one  of  the  most  important  research  on  PHB  memory  is  the 
estimation  of  degree  of  coexistence  between  high  recording  density  and  high 
speed  readout. 

With  respect  to  this  point,  two  fundamental  estimations  have  been  proposed 
by  Moemer  et  al.’-^)  According  to  their  results,  even  a  memory  of  10  times 
higher  recording  density  than  conventional  optical  memories  can  not  be 
realized  in  case  of  30  nsec/bit  readout  time  for  already-known  single  photon 
type  PHB  materials.  But  the  above  estimation  was  done  under  the  conditions 
of  10  pm  for  fixed  laser  spot  diameter  and  100  MHz  for  hole  width. 
Furthermore,  essentially  inevitable  noise  was  assumed  to  be  shot  noise  only. 
Actually,  a  spot  diameter  is  variable  unless  it's  smaller  than  diffraction  limit 
and  hole  width  is  usually  larger  than  3  GHz.  And  moreover,  fluctuation  in 
the  distribution  of  photoabsorbing  centers  also  becomes  the  origin  of 
inevitable  noise.  For  these  reasons,  the  results  might  not  be  definitive. 

In  the  present  work,  appropriate  relationships  between  parameters  are 
given  and  optimized  conditions  are  pursued  for  the  coexistence  of  both  high 
density  recording  and  high  speed  readout  in  PHB  memory. 


2.  Theoretical  Consideration 
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To  achieve  the  above-mentioned  purpose,  we  used  a  general  equation  at 
first  for  deriving  signal  to  noise  ratio  theoretically. 

Table  1  shows  all  parameters  used  for  this  consideration  and  their  physical 
meaning.  When  transmitted  light  intensities  before  and  after  recording  are 
changed  into  the  currents  i  and  i’,  respectively,  they  are  given  by 


i  =  q•T^Q•FR•A•exp(-a•N;^.•L)  ^ 
i'  =  q•TlQ■FR•A•exp(-0•N;^^’•L) 

Only  two  parameters,  qg  and  (or  Nx’)»  in  these  equations  include 
inevitable  noise  sources.  These  two  parameters  are  mean  values  with 
statistical  distributions.  Then,  when  we  concentrate  our  attention  on  6i ,  the 
inevitable  noise  for  i,  we  only  need  to  pick  up  these  two  types  of  parameters 
and  it  can  be  written  by 


5i'  = 


(ai 

2 

.^ng/ 

5tiq  +  - 

Wi 

The  first  term  of  the  right  side  is  called  shot  noise  and  the  second  term  is 
called  material  noise.  Furthermore,  Sqg  and  5nx.  can  be  expressed  as  follows: 


ItR  ITr 

r%  *  r> 


•qg 


6n,  =  (VN;^  A-L  /  Nx-A  L  )  Nx. 


The  signal  S  is  given  by  the  difference  between  i  and  i’.  The  rms  noise  N  of 
S  corresponds  to  6s.  Then  signal  to  noise  ratio  SNR  is  expressed  by 


SNR  =  S/N  =  (i'-i)//yi-(i  +  i’)+-^.(i2.Nx+  i'^  Nx’  ) 

Hole  depth  ^  can  be  defined  by  the  degree  of  relative  recording  signal 
modulation  and  written  by  using  Nx  and  Nx', 

C  =  (Nx-Nx')/Nx, 
and  Fr  could  be  written  as 

FR«l/(aTi) 

Finally,  recording  density  D  is  given  by 
D  =  M/A . 

By  using  these  relations  and  an  appropriate  approximation,  eq(l)  can  be 
transformed  into 


Xr  =  K  / ,  _  _  , 

\D  Dol,  (2) 
where  Do  and  K  are  defined  as  follows: 


Do  = 


M  Nx  L 


2  -  C  +  l-C-o  Nx-L 


SNR 


i2 
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Eq(2)  shows  that  recording  density  and  readout  speed  are  incompatible  and 
their  relation  is  described  by  a  hyperbola  with  an  asymptote  of  D  =  Do. 
Moemer's  result  is  derived  by  substituting  infinite  for  Do  in  eq(2),  that 
means  material  noise  5nx  is  zero,  and  100  MHz  for  a  hole  width. 


Table  1.  Parameters  used  for  the  theoretical  consideration. 


Parameter  Physical  Meaning 

Value 

Fr 

Readout  light  flux  in  photons  /sec  cm^ 

Xr 

Readout  time  for  a  single  bit  of  information 

X 

Recording  and  readout  wavelength 

600  nm 

A 

Laser  spot  area 

L 

Recording  material  thickness 

Nx 

Concentration  of  photoabsorbing  centers  within 
homogeneous  width  at  wavelength  X  before  recording 

Nx’ 

Concentration  of  photoabsorbing  centers  within 
homogeneous  width  at  wavelength  X  after  recording 

o 

Absorption  cross  section  of  a  photoabsorbing  center 

Detector  quantum  efficiency 

0.75 

q 

Elementary  electric  charge 

1.6x10-19  C 

Tl 

First  exited  state  lifetime  of  photoabsorbing  centers 

10  nsec 

M 

Multiplicity 

1000 

c 

Concentration  of  photoabsorbing  centers 

0.025  mol/1 

e 

Molar  extinction  coefticient  of  photoabsorbing  centers 

D 

Recording  density 

c 

Hole  depth 

0.1 

SNR 

Required  signal  to  noise  ratio 

20 

3.  Optimization  and  Discussion 
According  to  the  research  works  on  PHB  memory  up  to  the  present, 
recording  performance  with  the  hole  depth  ^  of  0.1  and  multiplicity  M  of 
1000  can  be  attained  under  the  most  appropriate  conditions.  We  concentrate 
our  attention  on  the  optimization  of  spot  area,  readout  time  and  so  on. 

Relationships  between  microscopic  quantity  Nx  ,a  and  macroscopic 
quantity  C,  e  are 

C  =  M  Nx  ^ 

_  NA-log  e  ^ 

10^  M , 
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where  Na  is  the  Avogaoro's  number.  When  a  laser  beam  is  focused  on  a 
recording  material,  the  relationship  between  A  and  L  is  expressed  by 

A  =  7i-r2 

> 

L  =  7i-r^  /  X 

} 

where  r  is  the  radius  of  laser  spot.  By  using  these  equations  and  substituting 
the  suitable  values  in  Table  1  for  all  parameters  except  for  D  and  Tr,  the 
relationship  between  D  and  Tr  is  represented  in  Fig.  1  . 

Conventional  magnetic  memory  has  recording  density  of  about  15  Mb/cm^ 
and  readout  time  of  about  15  nsec/bit.  And  those  of  optical  memory  are 
about  150  Mb/cm2  and  60  nsec/bit.  In  order  to  overcome  these 
performances,  readout  time  of  PHB  memory  can  be  determined  to  be  10 
nsec/bit,  which  is  not  within  the  abrupt  rising  up  zone  of  readout  time.  At 
this  point,  recording  density  becomes  about  20  Gb/cm^.  Although  this  is 
theoretical  consideration,  PHB  memory  proved  to  have  potential  ability 
compared  to  magnetic  and  optical  memories. 

In  this  optimized  case,  spot  diameter  becomes  to  be  about  2  pm,  but  not  1 
pm.  If  a  spot  diameter  is  too  small,  statistical  fluctuation  of  the  concentration 
of  photoabsorbing  centers  gives  rise  to  serious  noise  and  causes  an 
insufficient  SNR  even  for  long  readout  time.  Furthermore,  this  analysis  also 
points  out  that  optimized  optical  density  is  about  0.9  and  required  readout 
laser  power  is  merely  an  order  of  1  pW. 

Some  factors  which  reduce  this  theoretical  performance  would  exist.  They 
are,  for  example,  destructive  reading,  Gaussian  distribution  of 
inhomogeneous  broadening  and  so  on.  These  will  be  good  targets  of  future 
researches  and  the  present  consideration  must  be  a  good  guide  for  these 
researches. 


Fig.  1.  Readout  performance  of  PHB  memory 

^  -  considered  by  theoretical  calculation 
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INTRODUCTION 

We  have  been  interested  in  PHB  mechanism  in  the  quinone  derivatives.  The  substituent 
effects  of  the  guest  molecules  are  examined  on  the  hole  multiplexing  3,  hole  formation  wavelength 
range  and  electric  field  effect  We  especially  intend  to  know  how  densely  multiple  holes  can  be 
formed  by  wavelength  tuning  and  Stark  tuning. 

First,  the  substituent  effect  on  hole  density  and  hole  formation  range  in  the  wavelength 
dimension  has  been  investigated.  It  has  been  proved  to  be  important  to  select  the  proper 
substituents.  Second,  the  Stark  effect  on  the  PHB  reaction  characteristics  in  the  amorphous  hosts 
has  been  investigated.  Also  in  the  quinone  derivative  systems,  the  Stark  effect  has  been 
successfully  observed.  Five  multiple  holes  in  the  electric  field  dimension  have  been  produced  at 

4.2  K.  The  dipole  moment  difference  Ap.  between  in  the  ground  state  and  in  the  excited  state  of  the 
guest  molecule  has  been  estimated  by  the  spectral  hole  shift  due  to  the  applied  electric  field. 

EXPERIMENTAL 

The  guest  molecules  examined  were  1,4-dihydroxy  anthraquinone  (DAQ),  4-amino-2,6- 
bis(4-butylphenoxy)- 1,5-dihydroxy  anthraquinone  (ABDAQ),  4-amino-2,6-bis(4-butylphenoxy)- 
1,5,8-trihy^oxy  anthraquinone  (ABTAQ)  and  4,8-diamino-2-(hexyloxyphenyl)- 1 ,5-dihydroxy 
anthraquinone  (DAHAQ).  The  alkyl  or  alkylphenyl  groups  and  the  hydroxy  or  amine  groups  were 
concerned  with  as  the  substituents  to  be  examined.  The  latter  groups  are  the  active  sites  for  PHB. 
And  the  h  ast  molecules  examined  were  PMMA  and  poly-2-hydroxyethyl  methacrylate  (PHEMA) 
and  polyvinyl  butyral  (PVB). 

The  samples  were  prepared  as  polymer  film  by  casting  the  solution  of  the  guest  and  host 
compounds.  The  concentration  of  the  guest  in  the  host  polymer  was  in  the  range  of  10'^  to  lO’^ 
mol/mol.  The  thickness  of  the  film  was  50  to  300  pm.  The  sample  was  set  in  a  cryostat  controlled 
at  4.2K.  Tunable  dye  lasers  were  used  as  the  light  source  of  hole  burning.  Burning  power  was  in 
the  range  of  2  to  35  mW/cm^.  The  hole  profiles  were  detected  by  using  a  Im  monochromator  and 
a  photomultiplier  and  a  lock-in  amplifier.  To  apply  the  electric  field,  the  sample  film  was  mounted 
between  two  glass  plates  with  transparent  electrode  on  their  inner  side.  The  electric  field  was  set 
on  through  a  DC  power  supply,  up  to  100  kV/cm,  to  the  sample. 

RESULTS  AND  DISCUSSION 

1.  Hole  multiplexing  in  wavelength  dimension 
1.1.  Substituent  effect  on  multiple  hole  formation 

We  examined  hole  multiplexing  and  density  concerning  with  hole-hole  interaction.  In  the 
DAQ/PMMA,  the  hole  density  was  only  6  or  7  holes  in  1  nm  wavelength  range  as  shown  in  fig.  1. 
In  the  ABDAQ/PMMA,  that  was  only  3  or  4  holes  in  1  nm  wavelength  range  at  most.  On  the 
contrary,  we  reported  the  dense  hole  formation  of  more  than  12  holes  in  1  nm  wavelength  range  in 
the  DAQ/PHEMA  5.  So,  we  achieved  multiple  hole  formation  of  300  in  only  21  nm  wavelength 
range  of  566  to  587  nm  efficiently.  In  the  ABDAQ/PHEMA,  the  holes  could  be  formed  efficiently 
in  the  wavelength  range  of  580  to  608  nm  at  least  The  multiple  holes  of  350  were  formed  in  the 
wavelength  of  582  to  603  nm.  Multiple  holes  could  be  produced  more  densely  in  the 
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ABDAQ/PHEMA  than  in  the  DAQ/PHEMA,  that  is  20  holes  or  so  in  1  nm  wavelength  range  could 
be  formed  independently  each  other  as  shown  in  fig.  2. 


The  hole  densities  for  four  Table  1  Hole  densities  in  the  DAQ/PMMA,  ABDAQ 
systems  are  shown  in  table  1.  In 
practice,  it  is  suggested  the  hole 
density  will  depend  on  the  dipole- 
dipole  interaction  modes  between 
the  guest  and  host  molecules,  the 
properties  of  the  host  polymer  and 
the  molecular  size  of  the  guest  dye 
molecule. 


/PMMA,  DAQ/P 

HEMA  and  ABDAQ/PHEMA. 

Guest 

PHEMA 

PMMA 

DAQ 

12~  13  holes/nm 

6~  7  holes/nm 

ABDAQ 

18~20  holes/nm 

3  ~  4  holes/nm 

517 5iS  585  586 

Wavelength  (nm)  Wavelength  (nm) 

Fig.  1  Hole  density  in  the  DAQ/PMMA.  Fig.  2  Hole  density  in  the  ABDAQ/PHEMA. 


1.2.  Substituent  effect  on  hole  formation  wavelength  range 
Here,  we  have  examined  how  widely  in 
the  wavelength  range  the  holes  can  be  formed. 

In  the  previous  section,  holes  could  be  formed 
in  566  to  587  nm  in  the  DAQ/PHEMA,  and  in 
582  to  603  nm  in  the  ABDAQ/PHEMA. 

Furthermore,  in  the  ABTAQ/PHEMA,  the  ^ 
holes  could  be  formed  efficiently  in  the  c 
wavelength  range  of  600  to  620  nm.  In  the  § 

DAHAQ/PHEMA,  the  holes  could  be  foiried  & 
efficiently  in  the  wavelength  range  of  640  to  ^ 

675  nm.  Fig.  3  shows  a  part  of  300  of  multiple  < 
holes  in  the  wavelength  range  of  645  to  669 
nm.  And,  multiple  holes  could  be  formed  using 
a  semiconductor  laser  as  a  light  source  in 
practice.  From  the  results  described  hitherto,  it 
is  suggested  that  the  wavelength  range  for  hole 
formation  can  be  widely  controlled  by  selecting  Fig.  3  Multiple  hole  formation  in  wavelength 
the  substituents  properly.  in  the  DAHAQ/PHEMA. 


Wavelength  (nm) 
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2.  Hole  multiplexing  in  electric  field  dimension 

The  shift  Av  of  the  absorption  band  of  the  guest  molecule  by  the  Stark  effect  is,  under  a 
condition  of  up  to  an  electric  field  strength  of  MV/cm,  expressed  as  eq.(l)  on  changing  the  electric 
field  E  7. 

/iAv=-/A)i*E  (1) 

where  Ap  is  the  dipole  moment  difference  vector  between  in  the  ground  state  and  in  the  excited 
state  of  the  guest  molecule.  In  an  amorphous  host,  because  the  guest  molecules  orient  randomly, 
the  absorption  bands  of  the  guest  molecules  are  shifted  isotropically  as  denoted  by  eq.(l),  so  the 

hole  is  symmetrically  broadening.  Also,  eq.{l)  gives  us  the  value  of  A|i  from  the  results  of  the 
hole  broadening. 


2. 1 .  Multiple  hole  formation  in  electric  field  dimension 
One  of  interesting  aspects  of  the 
Stark  effect  on  the  PHB  hole  is  the 
multiple  data  storage  in  the  electric  field 
dimension.  At  first,  the  multiple  hole 
formation  in  the  electric  dimension  was 
investigated  in  the  ABDAQ/PVB.  The 
holes  were  burnt  at  five  electric  field 
strengths  of  -97.5  to  +97.5  kV/cm  at 
intervals  of  48.75  kV/cm  at  the  wavelength 
of  581.5  nm.  The  5  multiple  hole 
formation  could  be  performed  as  shown  in 
fig.  4.  This  result  makes  it  sure  that  the 
multiple  hole  formation  is  possible  in  the 
electric  field  dimension  in  the  quinone 
derivatives  even  at  4.2  K. 


Electric  field  (kV/cm) 

Fig.  4  Multiple  hole  formation  in  electric 
field  in  the  ABDAQ/PVB. 


2.2.  Stark  effect  in  quinone  derivative  PHB  systems 

The  electric  field  dependence  of  the  hole  profile  in  the  DAQ/PHEMA,  ABDAQ/PHEMA 
and  ABDAQ/PVB  was  examined.  In  the  DAQ/PHEMA,  as  holes  formed  efficiently  in  the 
wavelength  dimension,  the  efficient  multiple  hole  formation  also  in  the  electric  field  dimension 
would  be  expected  to  be  realized.  An  initial  hole  at  the  electric  field  strength  of  18.5  kV/cm  and  at 
the  wavelength  of  576.22  nm  was  burnt.  The  hole  width  in  the  wavelength  dimension  was 
estimated  at  the  FWHM  of  0.56  cm'  ^  by  the  initial  burnt  hole  profile.  It  is  clearly  seen  that  the 
electric  field  causes  the  hole  broadening.  The  hole  width  in  the  electric  field  dimension  was 
estimated  at  the  FWHM  of  22  kV/cm.  By  using  eq.(l),  the  dipole  moment  difference  of  DAQ  in 
this  system  was  calculated  at  0.38D  8.  In  the  ABDAQ/PHEMA,  the  initial  hole  was  burnt  at  the 
electric  field  strength  of  26.5  kV/cm  and  the  wavelength  of  589.7  nm.  The  hole  width  in  the 
wavelength  dimension  was  estimated  at  0.86  cm'^.  The  Stark  effect  was  also  obviously  observed 
in  this  system.  By  hole  depth  variation  curve  against  the  external  electric  field  as  shown  in  fig.  5, 
the  hole  width  in  the  electric  field  dimension  was  estimated  at  25  kV/cm.  And,  the  dipole  moment 
difference  of  ABDAQ  in  this  system  was  calculated  at  0.5  ID.  In  the  ABDAQ/PVB,  the  initial  hole 
was  burnt  at  the  electric  field  strength  of  56.3  kV/cm  and  wavelength  of  589.7  nm.  The  hole  width 
in  the  wavelength  dimension  was  estimated  at  0.55  cm'V  By  hole  depth  curve,  the  hole  width  in 
the  electric  field  dimension  was  estimated  at  38  kV/cm.  And,  the  dipole  moment  difference  of 
ABDAQ  in  this  system  was  calculated  at  0.26D  The  FWHM’s  of  the  hole  width  in  electric  field 
and  dipole  moment  differences  measured  in  the  three  systems  are  summarized  in  the  table  2  and  3. 

As  for  the  hole  width  in  the  electric  field  dimension,  it  appears  that  the  hole  width  is 
narrower  in  PHEMA  than  in  PVB  by  comparison  of  the  results  of  the  ABDAQ/PHEMA  and 
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ABDAQ/PVB.  The  dipole  moment  difference  of  ABDAQ  in  PHEMA  seems  larger  than  in  PV3. 
Such  differences  of  the  hole  width  and  dipole  moment  difference  of  the  guest  molecule  between  in 
PHEMA  and  in  PVB  might  be  attributed  to  the  difference  of  the  dielectric  constants  of  PHEMA 

and  PVB.  Also,  the  dipole  moment  difference  A|X  seems  to  be  affected  by  the  structure  of  the  guest 

molecules  by  comparison  of  the  A|j.  of  DAQ  in  the  DAQ/PHEMA  and  ABDAQ  in  the 

ABDAQ/PHEMA.  The  long  substituent  might  make  the  Ap.  larger.  It  has  been  suggested  that  the 
value  of  the  dijwle  moment  difference  depends  on  not  only  the  guest  molecular  substituents  of  the 
quinone  derivatives  but  also  the  host  polymer  structures.  These  results  prove  that  the  Stark  effect 
is  also  useful  for  the  analysis  of  the  molecular  characteristics. 


Tabic  2  Hole  FWHM's  in  the  DAQ 
/PHEMA,  ABDAQ/PHEMA  and 
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ABDAQ/PVB. 


PHEMA 

PVB 

DAQ 

V  1/2=  0.56  cm' 

E  1/2=  22  kV/cm 

ABDAQ 

V  1/2=  0.86  cni* 

V  1/2  =  0.55  cm’’ 

E  1/2=  25kV/cm 

E  1/2=  38  kV/cm 

Table  3  Dipole  moment  differences  in 
the  DAQ/PHEMA,  ABDAQ/PHEMA 
and  ABDAQ/PVB^ _ _ 


PHEMA 

PVB 

DAQ 

0.38D 

1  ABDAQ 

0.5  ID 

0.26D 

Fig.  5  Hole  depth  curve  against  the  electric  field 
in  the  ABDAQ/PHEMA. 
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Hole  burning  in  mixed  crystals  containing  methyl  groups  can  be  used  to  determine  the 
difference  of  the  rotational  tunnel  splitting  of  the  methyl  groups  in  the  ground  and 
excited  electronic  state  of  the  guest  probe  /!/.  Two  mechanisms  were  suggested:  If  the 
phototransformation  of  the  probe  is  photochemical  in  nature,  the  difference  in  mnnel 
splitting  shows  up  in  the  side  hole  pattern  which  appears  upon  thermal  relaxation  of  the 
bleached  ground  state  levels  through  spin  conversion  processes.  On  the  other  hand,  if  the 
phototransformation  is  purely  photophysical  in  nature,  the  nuclear  spin  conversion  occurs 
most  probably  in  the  excited  triplet  state  and  the  tunnel  splitting  is  reflected  in  the 
appearance  of  antiholes. 

In  this  paper,  we  show  that  for  dimethyl-s-tetrazine  as  a  diluted  guest  in  a  n-octane 
host,  the  difference  in  the  methyl  tunnel  splitting  leads  to  the  formation  of  two  very 
sharp,  perfectly  Lxjrentzian  antiholes.  This  splitting  is  20  times  as  large  as  that  for 
dimethyl-s-tetrazine  in  durene  measured  by  Borczyskowski  et  al.  /!/.  The  absolute 
magnitude  of  the  tunnel  splitting  in  the  ground  state  is  comparable  to  kT  leading  to  an 
intensity  difference  of  the  two  antiholes  from  which  the  absolute  magnitude  of  the  tunnel 
splitting  in  the  ground  as  well  as  in  the  electronically  excited  state  can  be  determined. 

Fig.l  shows  the  central  hole  and  the  two  antiholes  symmetrically  shifted  by  37  GHz.  The 
intensity  of  the  antihole  at  lower  energy  is  larger  by  a  factor  of  2.5  as  compared  to  the 
high  energy  antihole.  The  insert  shows  that  the  antiholes  have  a  width  on  the  order  of  1.3 
GHz  and  that  their  shape  perfectly  follows  a  Lorentzian.  What  do  we  learn  from  these 
observations?  Following  Borczyskowski  et  al.,  we  conclude  that  the  phototransformation  is 
based  on  a  nuclear  spin  conversion  process  which  occurs  in  the  excited  triplet  state  and 
which  leads  to  a  mutual  transformation  of  the  methyl  tunnel  states,  i.e.  the  state  with  A 
symmetry  is  transformed  to  an  E-symmetric  state  and  vice  versa.  The  corresponding  methyl 
proton  spin  states  are  3/2  (A)  and  1/2  (E)  /2/.  Since  the  nuclear  spin  is  conserved  upon 
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Fig.  1:  Photophysical  hole  burning  spectrum  of  dimethyl-s-tetrazine  in  n-octane  at  4.2  K 

excitation  the  absorption  frequency  of  the  transformed  species  differs  from  the  excitation 
frequency  by  the  difference  in  the  tunnel  splitting  between  the  ground  and  excited  state. 
The  ground  state  relaxation  from  1 1/2>  to  1 3/2>  is,  at  4.2  K,  on  the  order  of  40  min.  On 
this  time  scale  equilibrium  between  the  two  states  is  established.  As  far  as  our 
experimental  time  scales  are  concerned,  we  can  be  sure  that  we  start  with  equilibrated 
states. 

The  insert  of  Fig.l  shows  the  level  scheme.  In  case  the  tunnel  splitting  in  the  ground 
state  is  on  the  order  of  kT,  the  intensities  I^  and  of  the  antiholes  at  high  and  low 
energy,  respectively,  are  influenced  by  the  tunnel  state  Boltzmann  factor.  In  our  case  the 
intensity  ratio  is  roughly  2.5  at  4.2  K.  From  this  ratio  the  absolute  magnitude  of  the 
tunnel  splitting  6  can  be  estimated. 

Ifi^A  ^  ^  exp(-5/kT) 

The  population  of  the  states  is  denoted  by  n.  The  factor  2  accounts  for  the  degeneracy  of 
the  E-state.  We  get  6  =  0.65  cm'.  According  to  our  results  in  Fig.l,  the  high  energy 
antihole  is  the  one  with  lower  intensity.  Hence,  5  <  5*.  Since  6-5*  =  1.23  cm  ',  the 
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splitting  in  the  electronically  excited  state  5*  equals  1.88  cm  '.  These  are  rather  large 
values  and  are  on  the  upper  bound  from  what  is  known  about  methyl  rotational  tunnel 
splitting  frequencies  /2/.  We  argue  that  the  large  difference  in  tunnel  frequencies 
indicates  that  it  is  the  methyl  groups  attached  to  the  probe  which  are  measured  and  not 
those  of  the  host  crystal. 

An  interesting  issue  of  our  experiments  is  the  fact  that  the  antiholes  are  very  sharp 
and  perfectly  Lxjrentzian.  This  result  imposes  restrictions  on  the  nature  of  the 
interactions  which  cause  the  inhomogenous  broadening  of  the  antiholes.  They  are,  at  4.2  K, 
roughly  four  times  as  broad  as  the  central  hole.  First  of  all,  the  Lorentzian  line  shape 
requires  this  interaction  to  be  of  long  range,  to  be  precise  of  dipole-dipole  type  and, 
moreover,  the  interacting  centers  must  be  isotropically  and  homogenously  dispersed  /3,4/. 
We  suggest  the  following  picture:  The  main  potential  barrier  of  the  methyl  rotor  is 
determined  by  intramolecular  interactions  between  the  electrons  in  the  CH-bonds  and  the 
JC-electrons  of  the  ring  as  well  as  by  nearby  lattice  molecules.  This  barrier  is,  however, 
modified  by  the  strains  created  at  the  grain  boundaries  via  elastic  dipole-dipole 
interaction.  The  data  show  that  the  modulation  of  the  tunnel  splitting  is  rather  small 
compared  to  its  absolute  magnitude.  Hence  a  lowest  order  expansion  of  the  tunnel  splitting 
as  a  function  of  the  barrier  modulation  is  sufficient.  Consider  a  probe  molecule  and  let 
U.(R)  be  the  change  of  its  methyl  rotation  barrier  in  the  i’th  electronic  state  due  to  a 
defect  at  a  distance  R.  Then,  this  defect  will  change  the  absorption  energy  of  the  probe 
by  an  amount  of  hAv(R)  =  e  ^  [Uj(R)-U^(R)],  with  X  being  the  so  called  tunnel 
parameter,  and  Q  is  on  the  order  of  the  zero  point  frequency  of  the  methyl  libration.  Q 
and  X  are  considered  as  being  fixed  parameters,  an  assumption  which  is  corroborated  by  the 
fact  that  the  antihole  splitting  does  not  depend  on  the  bum  frequency  within  the 
inhomogenous  band.  If  Av(R)  is  fluctuating  in  sign  and  is  proportional  to  1/R^,  then  the 
broadening  of  the  antiholes  will  be  Lorentzian  provided  the  defects  are  uncorrelated.  This 
model  seems  reasonable  for  n-octane;  Compared  to  the  range  of  the  dipole-dipole 
interaction,  the  homogeneity  and  isotropy  assumption  does  not  seem  to  be  crucial.  On  the 
other  hand,  the  defect  concentration  is  low  enough  (inhomogenous  broadening  is  small)  so 
that  the  assumption  of  uncorrelated  defects  is  reasonable.  We  stress  that  the  sharp 
antiholes  fade  as  the  holes  are  burnt  deeper.  Instead,  the  photo  transformed  species  is 
distributed  over  the  whole  inhomogenous  band.  This  is  an  indication  that  photochemical 
burning  processes  take  over  and  that  the  lattice  structure  in  the  immediate  neighborhood 
of  the  probe  is  heavily  perturbed  so  that  the  tunnel  frequency  spreads  out  over  a  wide 
range. 

The  occurrence  of  sharp  antiholes  clearly  demonstrates  that  the  inhomogenous  line  is 
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built  from  a  convolution  of  interactions  on  various  hierarchy  levels.  In  our  case  it  means 
that  each  site  of  the  inhomogenous  line  is  itself  inhomogenously  broadened  by  long  range 
interactions  with  defects  in  the  bulk.  This  result  is  in  line  with  spectral  diffusion 
experiments  on  similai  systems  151. 
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Organic  impurity  systems  which  exhibit  effect  of  photobuming  of  persistent  spectral  holes 
have  several  interesting  spectroscopic  and  prospective  practical  applications  [1,  2],  A  CW  holo¬ 
graphic  technique  for  detecting  of  narrow  hole  shapes  in  thin  polymer  films  doped  with  organic  dye 
molecules  can  be  used  in  combination  with  a  variable-strength  applied  electric  field  to  obtain  in¬ 
formation  about  the  homogeneous  line  shapes  and  symmetry  properties  of  the  impurity  centres  [3]. 
This  method  serves  also  as  a  demonstration  of  the  possibility  of  parallel  optical  computing  [4]. 

An  alternative  approach  to  measure  homogeneous  line  shape  properties  of  low  temperature 
impurity  systems  consists  in  the  application  of  coherent  optical  transient  techniques  such  as  photon 
echoes  and  accumulated  photon  echoes  [5].  A  variation  of  an  accumulated  photon  echo  technique 
in  photochemical  hole  burning  media  -  photochemically  accumulated  stimulated  photon  echo 
(PASPE)  [6]  has  been  shown  to  be  useful  in  measuring  homogeneous  dephasing  times  [7]  as  well 
as  in  writing  ultrafast  time  domain  holograms  [8]. 

In  the  present  work  we  describe  an  experiment  where  we  have  combined  the  principles  of 
PASPE  and  time-  and  space  domain  holography  with  a  sensitive  subnanosecond  time  resolution 
detection  using  time-correlated  single  photon  counting  (TCSPC)  apparatus.  We  also  discuss  the  re¬ 
lation  between  the  present  time  domain  experiment  and  CW  holographic  hole  burning. 


Fig.  1  shows  the  schematic  of  our  experimental  arrangement  and  Fig.  2  illustrates  some  of 
our  results.  The  impurity  system  we  study  is  chlorin  doped  into  polyvinylbutyral  film.  The  sample 
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is  pressed  between  two  glass  plates  covered  with  optically  transparent  electrodes  and  is  positioned 
in  a  variable  temperature  (1-4.2  K)  liquid  He  cryostat.  In  the  experiment  the  excitation  picosecond 
pulses  are  generated  by  a  DCM  dye  laser  synchronously  pumped  by  a  mode-locked  Coherent 
Antares  Nd-YAG  laser.  Echo  signals  are  detected  by  using  a  multichannel  plate  photomultiplier 
tube  (MCP).  The  necessary  electronic  clocking  for  the  TCSPC  apparatus  is  provided  by  a  fast  ref¬ 
erence  photodiode.  The  time  separation  between  the  pulses  in  the  mode-locked  pulse  train  is  13.22 
ns.  Fig.  2  presents  linear  (a)  and  logarithmic  (b)  plots  of  the  excitation  dye  laser  pulses. 


PASPE  detected  by  TCSPC 

Chtorin  in  PVB.  T=1.2K 


-2  02468  -2  02468 


-2  02468  2  02488 


time  /  ns  time  /  ns 

Fig.  2. 


Our  detection  system  provides  40  ps  (FWHM)  time  resolution  and  low  background  signal 
level  (background  signal  count  rate  <  10  counts/sec).  More  details  about  the  TCSPC  apparatus  are 
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given  in  [9]. 

In  our  holographic  setup  (Fig.  1)  the  incoming  laser  beam  is  expanded  by  a  telescope  and 
is  then  split  into  two  parts.  One  of  the  two  beams  passes  through  a  Fabry-Perot  interferometer  that 
consists  of  two  flat  mirrors.  Inside  the  interferometer  cavity  the  laser  pulses  reflect  back  and  forth 
with  a  period  that  corresponds  to  the  double  round  trip  time  between  the  two  mirrors  (380  ps).  Each 
of  the  input  laser  pulses,  is  thus  transformed  at  the  output  of  the  interferometer  into  an  exponen¬ 
tially  decaying  sequence  of  equally  spaced  pulses  (Fig.  2c).  A  Logarithmic  plot  of  the  time  re¬ 
solved  interferometer  output  pulse  sequence  yields  an  exponential  intensity  decay  constant,  Tpp  ~ 
1 .4  ns  (Fig.  2d).  Note  that  Tpp  depends  only  on  the  reflectivity  coefficient  of  the  mirrors  (R=85%). 

The  beam  containing  the  exponential  pulse  sequence  overlaps  with  the  second  beam  at  the 
position  of  the  sample.  The  timing  of  the  excitation  pulse  in  the  second  beam  is  adjusted  so  that  it 
arrives  at  the  sample  about  ten  picoseconds  before  the  first  pulse  from  the  interferometer-produced 
pulse  sequence.  The  angle  separation  between  the  two  beams  is  5°. 

The  first  step  in  probing  the  homogeneous  dephasing  properties  of  the  impurity  in  our  ex¬ 
periment  consists  in  exposing  the  sample  for  about  30  seconds  simultaneously  to  both  beams  with 
an  average  intensity  of  20  mW/cm^.  The  wavelength  of  the  laser  is  tuned  to  the  maximum  absorp¬ 
tion  region  of  the  inhomogeneously  broadened  0-0  transition  of  the  chlorin  molecules  (633  nm). 

During  the  illumination  the  impurity  concentration  is  bleached  out  mostly  at  the  spatial  lo¬ 
cations  of  the  sample  where  the  two  spatially  overlapping  beams  give  constructive  interference. 
However,  because  the  two  pulses  do  not  overlap  in  time,  interference  is  induced  by  the  coherent 
excitation  of  the  molecules.  This  requires  that  at  least  some  molecules  excited  by  the  first  pulse 
have  not  yet  dephased  when  the  pulse-train  arrives.  Simultaneously  the  frequency  spectrum  of  the 
pulse  sequence  is  recorded  in  the  sample  within  the  1.5  A  spectral  envelope  of  the  original  laser 
pulse.  During  the  write-in  at  different  frequencies,  different  spatial  interference  gratings  are  formed 
and  the  corresponding  patterns  are  bleached  out.  At  different  frequencies  the  gratings  may  have  dif¬ 
ferent  phases  as  well  as  different  periods. 

Taken  separately  each  of  the  bumt-in  monochromatic  frequency  gratings  in  the  inhomoge¬ 
neous  distribution  function  carries  basically  the  same  information  about  the  homogeneous  line 
shape  and  is  affected  by  the  same  line  width  broadening  mechanisms  (dephasing,  spectral  diffu¬ 
sion)  as  in  the  case  of  a  CW  holographic  hole  burning  experiment.  The  depth  and  the  contrast  of 
the  gratings  decreases  with  increasing  of  the  width  of  the  homogeneous  zero  phonon  line.  Indeed, 
reading  out  the  hologram  from  the  direction  of  the  second  beam  with  a  tunable  narrow  band  laser 
would  yield  a  holographic  signal  with  a  spectral  profile  of  periodic  sharp  peaks  corresponding  to 
the  transparency  function  of  the  Fabry-Perot  interferometer.  Each  of  the  sharp  peaks  is  the  equiv¬ 
alent  of  a  hole  burnt  with  a  CW  narrow  band  laser,  while  the  broad  envelope  profile  of  the  multitude 
of  the  peaks  corresponds  to  the  overall  spectral  width  of  the  laser  pulses. 

The  special  properties  of  the  photon  echo  come  into  consideration  when  the  time  domain 
read-out  of  the  holographic  gratings  is  carried  out  in  the  next  step  of  the  experiment.  For  the  read¬ 
out  we  illuminate  the  stored  gratings  with  attenuated  pulses  (2  -  0.2  pW/cm^)  from  the  second 
beam  while  the  beam  passing  through  the  interferometer  is  blocked  (Shutter  1  is  closed).  Also, 


ThEll-4  /  117 


Shutter  2,  which  had  blocked  the  MCP  plate  from  over-exposure  by  the  intense  signal  during  the 
writeing,  is  now  open. 

The  time  domain  holographic  signal  diffracted  from  the  hole  burning  grating  structure  in 
the  direction  of  the  first  beam  and  detected  by  the  MCP  is  shown  in  Fig.  le  (linear  scale)  and  If 
(log  scale).  The  intensity  of  the  PASPE  pulses  reproduce  the  exponential  sequence  but  with  a  faster 
decay  constant  of  a  value  of  tp^spE  =  0.4  ns.  Note  that  the  background  noise  in  the  detected  signal 
due  to  detector  dark  counts  and  also  due  to  ambient  light  scattering  from  the  cryostat  windows  and 
the  optical  elements  in  the  reference  beam  is  about  10^  times  lower  then  the  maximum  measured 
signal  level. 

The  difference  between  the  decay  rates  of  the  original  exponential  pulse  sequence  (Fig.  Id) 
and  that  of  the  PASPE  signal  yields,  by  applying  the  relation, 

4/T2  =  1/X  PASPE  - 1/  'i^FP 

the  homogeneous  purely  electronic  zero  phonon  transition  dephasing  time  value  of  T2  ~  2.3  ns. 
This  results  correlates  with  the  value  estimated  from  earlier  CW  homogeneous  line  width  measure¬ 
ments  in  chlorin  in  polyvinylbutyral  film:  T2  ~  2.0  ns  (T  =  1.6K)  [10]  and  T2  ~  1.4  ns  (T  =  1.2  K) 
[11].  The  advantage  we  have  in  the  present  experiment  is  that  the  read  out  can  be  performed  within 
a  very  short  time  which  is,  in  principle,  on  the  same  timescale  as  the  coherent  response  itself. 

Similar  considerations  are  valid  if  after  buming-in  the  spectral  grating  structure  the  film  is  sub¬ 
ject  to  a  static  electric  field  by  applying  voltage  to  the  electrodes  attached  to  the  sampl&Further  exper¬ 
iments  in  this  direction  are  currently  in  progress. 

References 

[1]  L.  A.  Rebane,  A.  A.  Gorokhovskii,  and  J.  V.  Kikas,  Appl.  Phys.  B  29  (1982)  235. 

[2]  J.  Friedrich,  and  D.  Haarer,  Angew.  Chem.  Int.  Ed.  Engl.  23  (1984)  119. 

[3]  A.  J.  Meixner,  A.  Renn,  and  U.  P.  Wild,  J.  Chem.  Phys.  91  (1989)  6728  . 

[4]  U.  P.  Wild,  C.  De  Caro,  S.  Bemet,  M.  Traber,  and  A.  Renn,  J.  Lum.  48  &  49  (1991)  335  -  339.. 

[5]  D.  A.  Wiersma,  in:  Photoselective  Chemistry,  eds.  J.  Jortner,  R.  D.  Levine,  and  S.  A.  Rice,  Ad¬ 
vances  in  Chemical  Physics,  XLVII,  Wiley  &  Sons,  New  York,  1981. 

[6]  A.  Rebane,  R.  Kaarli,  and  P.  Saari,  JETP  Lett.  38  (1983)  383. 

[7]  A.  Rebane,  and  D.  Haarer,  Opt.  Commun.  70  (1989)  478. 

[8]  A.  Rebane,  J.  Aaviksoo,  and  J.  Kuhl,  Appl.  Phys.  Lett.  54  (1989)  93. 

[9]  S.  Canonica,  J.  Forrer,  and  U.  P.  Wild,  Rev.  Sci.  Instr.,  56  (1985)  1754. 

[10]  R.  Locher,  A.  Renn,  and  U.P.  Wild,  Chem.  Phys.  Lett.  138  (1987)  405  -  409 

[11]  F.A.  Burkhalter,  G.W.  Suter,  U.P.  Wild,  V.D.  Samoilenko,  N.V.  Rasumova,  and  R.I.  Personov, 
Chem.  Phys.  Utt.  94  (1983)  483  -  487 


118  /  ThE12-l 


SPECTRAL  HOLE-BURNING  BETWEEN  2  K  AND  ROOM  TEMPERATURE  IN 
DOPED  SUBSTITUTIONALLY  DISORDERED  MICROCRYSTALS 

Keith  Holliday,  Changjiang  Wei,  Mauro  Croci  and  Urs  P.  Wild 

Physical  Chemistry  Laboratory,  Swiss  Federal  Institute  of  Technology,  ETH  Zentrum, 
CH-8092  Zurich,  Switzerland.  Tel.  -(-41-1-2564384,  Fax.  -1-41-1-2523402 

Photon  gated  spectral  hole-burning  was  first  observed  in  a  samarium  doped  crystal, 
BaFClrSm^"^  [1].  This  material  was  of  interest  to  the  developement  of  optical  memories  as 
the  holes  were  found  to  be  stable  to  room  temperature  thermal  cycling.  Holes  could  be 
burnt  at  liquid  helium  temperatures  but  as  the  temperature  was  raised  the  line  quickly 
became  homogeneously  broadened.  The  addition  of  bromine  to  the  melt  succeeded  in 
broadening  the  inhomogeneous  linewidths  to  about  2  nm  through  substitutional  disorder 
[2]  and  persistent  holes  were  observed  at  77  K  [3].  Subsequently,  a  study  of  the  parameters 
for  spectral  hole-burning  in  a  BaFClo.sBrQ  5:Sm^'*’  crystalline  powder  was  performed  [4] 
and  the  highest  temperature  for  which  persistent  hole-burning  had  been  observed  was 
raised  to  133  K.  Here  we  report  spectral  hole-burning  at  room  temperature  (figure  1)  in  a 
related  compound,  Sro.sMgo  5FCI0  5Bro  5:Sm  . 

The  hole-burning  characteristics  of  this  class  of  materials  are  dependent  on  the 
method  of  preparation  [1]  and,  for  instance,  a  separate  study  of  BaFClo.5Bro.5:Sm^'*’ 
observed  holes  at  183  K,  decaying  with  a  half-life  of  a  few  minutes  [5].  The  preparation 
method  for  the  samples  used  here  has  previously  been  described  [3]. 


Aovelength  (nm) 


FIGURE  1.  The  ^Fq-^D^  line  in  SrQ  sMgQ  ^FClQ  ^BrQ  s.Srn^'^’before  and  after 
room  temperature  hole-burning  at  632.5  nm  (laser  scatter  ~  8000 
ops).  The  difference  signal,  above,  is  magnified  by  a  factor  of  2. 
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FIGURE  2.  The  hole-burning  scheme  in  BaFCIo.sBro^s.Srri^'*^  at  2  K. 

The  hole-burning  system  for  BaFClo  5Bro.5:Sm^'*‘  at  2  K  is  shown  schematically  in 
figure  2.  All  three  4f^  ^Fq-^Dj  electronic  transitions  exhibit  hole-burning.  Most 
measurements  were  taken  for  the  ^Fo-^D2  transition  for  which  the  emission  signal  was 
strongest  as  detection  through  cutoff  filters  becomes  more  difficult  as  the  excitation 
wavelength  approaches  the  fluorescence  wavelength. 

The  temperature  dependence  of  hole  widths  burnt  in  the  ^Fo-^D2  transition 
suggested  two  regions,  the  dependence  being  stronger  above  about  15  K.  The  power 
dependence  of  the  hole  width  at  1.7  K  showed  that  the  homogeneous  linewidth  is  neither 
lifetime  (0.72  ms)  nor  laser  linewidth  (nominally  1  MHz)  limited  [4].  The  dephasing 
mechanism  below  about  15  K  is  therefore  attributed  to  a  different  mechanism  to  the 
dominant  interaction  at  higher  temperatures. 

The  temperature  dependence  of  holes  widths  burnt  in  all  'Fq-  Dj  transitions 
between  15-90  K  is  shown  in  figure  3.  Holes  burnt  at  the  same  temperature  in  different 
transitions  have  similar  widths  and  best  fit  analysis  reveals  hole  widths  for  all  transitions 
are  described  by 

Holes  burnt  in  the  ^Fo-^D2  Sm^'*’  transitions  of  Sro  5Mgo.5FClo.5Bro  5  and 
Sro.65Bao.35PClo.5Bro.5  show  little  variation  from  those  burnt  for  the  same  transition  in 
BaFClo.5Bro  5  (figure  4).  Powers  an  order  of  magnitude  greater  were  required  to  bum 
holes  in  Sro.65Bao.35FClo  5Bro  srSm^'*'  but  the  hole  width  was  little  affected  suggesting 
power  broadening  to  be  insignificant  and  the  holes  to  be  good  probes  of  dephasing 
processes.  As  the  hole  widths  for  all  compounds  are  similar,  it  is  concluded  that  the 
magnitude  and  source  of  optical  dephasing  in  this  class  of  materials  are  equivalent. 
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FIGURE  3.  The  temperature  dependence  of  hole  widths  for  the  ^Fq-^Dq  (A), 
^Fq-^D^  (ti;  and  ^Fq-^D2  (*)  transitions  in  BaFCIo.5BrQ  s:Sm^t 


Tern  pero tore  (K) 

FIGURE  4.  The  temperature  dependence  of  hole  widths  for  the  ^Fq-^D2  tran¬ 
sitions  in  BaFCIo.sBro  s.Sm^-^  (*),  Sro^sMgQ  sFCIo.sBro.s.Sm^* 
(O)  andSrQ  QsBao  ssFCIo  sBros-Srri^*  (<>)■ 
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The  universality  of  the  dephasing  process  is  further  demonstrated  by  room 
temperature  hole-burning.  Figure  1  shows  a  hole  burnt  at  300  K  in  the  Fq-  Dj  line  using 
5  mW  of  light  for  10  minutes,  burnt  and  measured  using  a  Coherent  899  autoscan  dye 
laser.  The  best  fit  width,  0.26  nm,  is  twice  the  homogeneously  broadened  room 
temperature  fluorescence  linewidth,  0.13  nm  [3],  of  the  same  transition  in  BaFCFSm^'*'. 
The  temperature  dependence  of  the  fluorescence  linewidths  of  the  ^Fj-^Dj  transitions  in 
BaFCliSm^'*’  have  been  studied  between  100-500  K  [6]  and  the  behaviour  attributed  to 
coupling  of  the  impurity  ions  to  a  Debye  distribution  of  phonons  [7].  Though  only  one 
hole-burning  measurement  has  been  made  in  this  region,  it  is  reasonable  to  expect  hole 
widths  to  confirm  this  as'^ignation.  At  90  K,  discrepancy  from  the  model  is  still  small  but 
at  lower  temperatures  other  contributions  may  dominate.  It  is  thought  that  magnetic 
coupling  between  the  halide  ions  and  the  Sm^'*’  impurities  may  make  one  such 
contribution. 

The  hole  shown  in  figure  1  was  remeasured  two  days  later  and  it  was  found  to  have 
decayed  to  half  its  previous  depth.  It  is  conceivable,  however,  that  this  hole  degradation 
was  due  to  a  small  movement  of  the  laser  spot  to  a  partially  unbumt  region  of  the  sample 
in  the  intermediate  time. 

The  initial  results  presented  here  show  that  homogeneous  broadening  processes  may 
be  studied  using  spectral  hole-burning  over  more  than  three  orders  of  magnitude  by  the 
introduction  of  disorder  to  the  lattice.  In  the  case  of  this  class  of  systems  the 
inhomogeneous  broadening  appears  to  be  dominated  by  the  contribution  of  the  halide, 
rather  than  the  cationic,  disorder  as  inhomogeneous  linewidths  for  all  materials  studied 
were  2-2.5  nm.  Most  imponantly,  however,  the  substitutional  disorder  does  not  appear  to 
affect  homogeneous  processes.  The  observation  of  room  temperature  persistent  spectral 
hole-burning  has  obvious  implications  for  optical  data  storage  and  it  is  thought  that  similar 
investigations  of  other  classes  of  disordered  hostAimpurity  systems  could  provide  an  ideal 
material. 
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Spectral  hole  burning  between  2  K  and  room  temperature 
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Theory  of  Filter  Operation 

Filter  operation  is  achieved  by  depleting  the  ground  state  population  of 
molecules  whose  local  environments  are  within  the  bandwith  of  the  hole-burning 
pump  laser. 

Hole-burning  is  achieved  in  these  systems  via  a  mechanism  known  as 
triplet-trapping  which  is  shown  in  Figure  1.  The  first  step  in  this  mechanism  is 
absorption  from  the  ground  singlet  state.  Sq.  to  the  first  excited  singlet  state  ,Si, 

in  the  dye  molecule.  For  most  laser  dyes,  most  of  the  population  returns  to  the 
ground  state  via  prompt  fluorescence.  Some  of  the  population,  however,  is 
transferred  to  the  lowest-lying  triplet  state,  Ti,  via  spin-orbit  coupling  assisted 

intersystem  crossing.  Typical  branching  ratios  for  intersystem  crossing  are 
approximately  10%.  The  lifetime  of  the  T-|  to  Sq  transition  in  solid  matrices  at  low 

temperatures  is  very  long.  Tompkin  and  Boyd’  reported  a  2.5  S  lifetime  for 
fluorescein  in  boric  acid  glass  at  200  K.  This  metastable  triplet  level  therefore 
acts  to  trap  population  and  prevent  it  from  returning  to  the  ground  state. 

Polyatomic  molecules  exhibit  picosecond  relaxations  between  vibrational 
levels  in  the  same  electronic  state.  This  means  that  only  the  zero-phonon  line  is 
saturable  in  this  scheme.  Tuning  of  this  filter  can  be  achieved  because  the  ZPL 
is  inhomogeneously  broadened  due  to  local-field  effects  in  the  amorphous  host. 
Only  molecules  whose  energies  overlap  the  laser  linewidth  will  absorb  and  be 
trapped  in  the  triplet  state,  all  others  remain  in  the  ground  state  to  absorb 
unwanted  photons  at  other  wavelengths. 


'  Tompkin,  W.  R;  Malcuit,  M.  S;  Boyd,  R.  W;  Applied  Optics  ,29  (1990),  p.  3921 
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Modeling  Filter  Performance 


A  model  was  developed  to  predict  the  performance  of  this  filter  for  various 
dyes  in  various  hosts.  The  model  is  based  on  the  kinetics  of  the  three-.evel 
system  in  Figure  1 .  While  the  details  of  the  kinetic  analysis  will  be  dealt  with  in 
the  presentation,  the  results  of  the  analysis  indicate  that  a  pulsed  laser  with  100 
KW  of  peak  power  and  a  repetition  rate  of  1000  Hz  will  yield  a  ground  state 
depletion  of  95%  in  Rhodamine  after  110  consecutive  pulses.  The  hole  would 
be  30  -  50  %  transmissive. 

The  width  of  the  hole  is  also  important  to  the  filter  performance.  The 
width  was  modeled  with  a  phonon-broadened  term  and  a  power  broadened 
term.  The  phonon  broadening  was  assumed  to  be  proportional  to  T'T3  with  the 
constant  of  proportionality  varying  with  host  material.  Several  polymeric  hosts 
were  considered  with  phonon-broadened  linewidths  varying  from  20  GHz  to  125 
GHz  at  77  K.  The  power  broadened  linewidth  was  determined  to  be  a  function  of 
the  laser  power,  the  transition  dipole  moment,  the  natural  lifetime,  and  the  total 
optical  dephasing  time.  The  power-broadened  term  is  therefore  dependent  on 
the  phonon-broadening  in  the  system  and  so  the  holewidth  was  modeled  as  a 
function  of  both  temperature  and  pump  power  for  each  dye/host  system.  The 
results  show  that  Rhodamine  6G  in  Polyethylene  at  77K  pumped  by  a  100  KW 
laser  pulse  should  exhibit  a  hole-burnt  linewidth  of  approximately  40  GHz.  The 
results  of  other  systems  will  discussed  in  the  presentation. 


124  /  ThE13-3 


E-h 


o 

in 


ThE14-l  /  125 


Hole  Burning  of  the  Exciton  Coupled  Antenna  Complex 
of  Rhodobacter  Sphaeroides 

N.  R.  S.  Reddy  and  G.  J.  Small 

Ames  Laboratory-USDOE  and  Department  of  Chemistry, 

Iowa  State  University,  Ames,  Iowa  50011 
Tel;  (515)  294-3859 

Efficient  energy  transfer  in  light  harvesting  (LH)  complexes  forms  an  important  part 
of  the  photosynthetic  process  that  results  in  the  conversion  of  light  energy  into  chemical 
free  energy.  A  number  of  factors  are  important  for  understanding  the  process  that  directs 
the  optical  excitation  to  the  reaction  center.  Included  are  the  nature  of  relevant  excited 
states  of  chlorophylls  (e.g.  localised  or  delocalised),  bath  induced  mechanisms  for 
homogeneous  broadening  of  transitions  etc.  .  The  Qy-absorption  (Sj)  of  chlorophyllic 
molecules  in  protein  complexes  appears  as  inhomogeneously  broadened  bands  with  Fp 
50  -  200cm'*  at  liquid  helium  temperatures. 

Hole  burning  has  predominantly  been  used  for  the  determination  of  homogeneous 
widths  (Fjj),  especially  of  the  zero  phonon  line.  In  addition  to  contributions  from  linear 
electron-phonon  coupling  (F^p)  and  the  excited  state  lifetime  (l/27tTj),  in  photosynthetic 
systems  excitonic  level  structure  and  scattering  can  contribute  (F^^)  significantly  to  Th- 

i.e.  F  =  Fj  +  Fh  =  Fj  +  F„  +  F^p  -i-  F^^ 

Bum  wavelength  dependent  hole  burned  spectra  only  provide  values  of  Fj  and 
The  problem  of  separating  out  the  contributions  of  F^p  and  F^^  to  I'm  still  remains.  Based 
on  a  novel  vibronic  satellite  vibronic  hole  narrowing  phenomenon,  we  have  developed  a 
method  for  determining  F^^^  in  amorphous  solids. 

The  LH  antenna  of  Rb.  sphaeroides  is  comprised  of  two  main  complexes, 
B800-B850  and  B875,  with  the  former  peripheral  to  the  latter,  which  surrounds  and 
interconnects  the  reaction  center.  Biised  on  their  structures,  significant  excitonic 
interactions  between  the  B850  molecules  and  also  between  the  B875  molecules  are 
expected  to  occur  [1,2].  The  absorption  spectra  for  the  mutant  and  wild  type  Rb. 
Sphaeroides  are  shown  in  fig  1  and  2  respectively.  The  absorption  bands  due  to  B800, 
B850  and  B875  have  widths  of  170,  280  and  280  cm'*  respectively.  Figure  1  shows 
holebumed  spectra  obtained  with  Xg  (bum  wavelength)  tuned  to  within  the  B800  (a,b) 
and  B850  (c)  bands.  The  narrow  ZPH  at  Xg  measured  in  high  resolution  has  a  width  of 
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Figure  1.  Absorption  and  hole  burned  (A  absorbance)  spectra  (4.2  K)  of  mutant  NFChr 
chromatophores  of  Rb.  sphaeroides.  Typical  bum  conditions  for  obtaining  the  hoiebumed 
spectra  were  300  mW/cm^  for  30  mins.  Tlie  read  resolution  is  2  cm’^  Bum  laser 
frequency  is  denoted  by  Xg  in  spectra  (a)  and  (b)  and  in  spectrum  (c)  =  11760  cm‘*.  Hole 
marked  750  in  (a)  and  (b)  refer  to  the  vibronic  hole  of  the  dominant  intramolecular 
vibrational  mode  of  BChl  a  building  on  B850  (a)  and  ZPH  at  (b)  respectively.  Feature 
3  is  the  hole  burned  in  the  residual  B875  band.  Unlabelled  vertical  arrows  refer  to  various 
vibronic  holes  building  on  the  B850  hole.  The  upper  horizontal  scale  gives  the 
wavelength  in  nm  and  the  right  vertical  axis  refers  to  the  absoiption  spectrum. 


4.2  ±  0.5  cm"*  corresponding  to  an  excited  state  lifetime  of  2.3  ±  0. 1  ps  which  agrees  well 
with  the  B800^B850  energy  transfer  time  observed  in  picosecond  experiments  [3,4].  The 
broad  hole  labelled  2  is  a  non  photochemical  hole  in  B850  holewidth  due  to  burning  in 
B850  following  its  population  primarily  by  energy  transfer  from  B800.  The  broad  B850 
hole  width  (210  ±  20  cm'*)  and  the  peak  position  are  independent  of  Xg  within  B850  band 
leading  to  [5J  Fj^Cminimum)  --  200  cm'*. 

Hoiebumed  spectra  obtained  as  a  function  of  Xg  within  the  B800  band  prove  that 
the  broad  holes  in  the  near  vicinity  of  the  ZPH  are  vibronic  satellite  holes  which  build  on 
the  broad  holes  which  build  on  B850  origin  hole  and  that  the  electron  phonon  coupling 
for  B800  band  is  weak.  However,  the  vibronic  satellite  holes  are  significantly  shaiper  than 
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the  origin  hole  which  they  build  upon.  In  spectrum  (a)  of  figure  1,  the  750  cm'*  vibronic 
hole  that  builds  upon  the  B850  hole  has  a  width  of  60  cm'*  The  Franck-Condon  factor 
for  this  vibration  is  determined  to  be  0.05  [6].  If  the  homogeneous  broadening  of  B850 
were  due  to  strong  linear  electron  phonon  coupling  or  ultra-fast  (<30  fs)  excited  state 
relaxation,  the  vibronic  hole  should  have  the  same  width  as  the  B850  origin  hole.  This 
’discrepancy’  can  be  explained  if  the  homogeneous  width  is  inteipreted  as  due  to  excitonic 
interactions.  The  transition  dipole  moment,  which  directly  determines  the  magnitude  of 
exciton  splittings,  is  apportioned  between  the  origin  band  and  the  vibronic  bands  on  the 
basis  of  Franck-Condon  factors  causing  the  vibronic  hole  to  be  "Franck-Condon  factor 
narrowed"  relative  to  the  origin  hole  [7].  The  B850  unit  cell  symmetry  results  in  exciton 
level  splittings  but  transitions  to  all  levels  may  not  be  dipole  allowed.  However,  diagonal 
energy  disorder  between  symmetry  related  subunits  of  the  unit  cell  will  cause  level  mixing 
and  removal  of  degeneracies  when  the  energy  disorder  becomes  comparable  to  the  zero 
order  exciton  level  splittings.  If  the  homogeneous  width  of  B850  band  is  taken  to  be 
equal  to  the  hole  width  (210  cm'*),  the  excitonic  contribution  to  the  750  cm'*  vibronic 
hole  is  ~  10  cm'*.  The  vibronic  relaxation  contribution  is  less  than  10  cm'*  implying  that 
the  60  cm'*  width  is  mainly  due  to  site  inhomogeneous  broadening  Fj.  This  is  consistent 
with  the  absorption  linewidth  being  equal  to  280  cm'*.  Thus  Th  =  210  cm'*  is  a 
reasonable  estimate  for  the  minimum  exciton  bandwidth.  This  interpretation  of  the 
homogeneous  width  also  explains  why  the  energy  transfer  between  the  B800-4B850 
energy  transfer  rate  is  only  weakly  temperature  dependent.  This  is  expected  for  Forster 
transfer  when  either  or  both  of  the  homogeneous  broadenings  for  the  donor  and  acceptor 
states  in  the  low  temperature  limit  is  >  kT  at  room  temperature  (~  200  cm'*). 

Similar  effects  were  observed  for  the  B875  band  (wild  type)  leading  to  a 
r|^(minimum)~200  cm'*  for  B875.  From  these  spectra  the  BChl  a  modes  participating  in 
the  Forster  energy  transfer  process  can  be  identified  as  750  cm'*  and  910  cm'*  for  the 
mutant  (Fig  1)  and  1210  cm'*  for  the  wild  type  (Fig.  2).  Our  holebuming  results  on  B875 
predict  the  B850^B875  energy  transfer  rate  to  be  only  weakly  temperature  dependent.  In 
recent  hole  burning  studies  on  the  wild  type  Rb.  sphaeroides,  narrow  ZPH  could  be 
burned  on  the  low  energy  side  of  the  B875  band  (896  nm).  The  hole  width  observed  in 
these  spectra  (3  cm'*)  is  inconsistent  with  the  energy  transfer  times  observed  in  time 
resolved  experiments.  Alternative  interpretations  for  the  holewidth  aie  cuirently  being 
developed. 
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Figure  2.  Absorption  and  hole  burned  (A  absorbance)  spectra  of  wild  type 
chromatophores.  Typical  bum  conditions  are  as  in  Fig.  1.  Bum  laser  frequency  for 
spectrum  (c)  is  11363  cm*^  The  read  resolution  is  4  cm'^  Hole  marked  1210  refers  to 
the  vibronic  holes  due  to  intramolecular  vibrational  modes  of  BChl  a  building  on  B850. 
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introduction 

An  organic  dye/polymer  system,  such  as  free  base  phthalocyanine  (H2PC) 
dispersed  in  polymethylmethacrylate  (PMMA),  has  been  interested  in  as  a  model 
material  of  new  mass-storage  for  photochemical  hole  burning  (PHB)[1].  There 
are,  however,  some  unsolved  problems  in  applying  it  to  a  plactical  memory  system. 
That  is,  the  influence  of  polymers  as  a  matrix  over  the  static  and  dynamic  properties 
of  the  system,  such  as,  thermally  induced  spectral  diffussion  (TISD),  homogeneous 
and  inhomogeneous  line  width,  burning  efficiency  and  so  on,  has  not  been  solved 
yet.  TISD  among  them  has  a  strong  correlation  to  micro  environment  of  a  polymer 
dispersing  a  dye.  The  disorders  in  amorphous  polymers  are  seen  in  wide  energy 
range  whose  upper  limit  is  determined  by  the  glass  transition  of  polymers. 
However,  the  lower  limit  is  still  left  unknown  ,  although  some  phenomena  are 
known  which  are  affected  by  low  energy  excitation.  Recently,  hole  burning 
spectroscopy  was  successfully  applied  to  investigate  in  the  lower  energy  region 
[2].  Thermally  induced  conformation  changes  of  polymers  are  said  to  have  energy 
of  same  size  to  cause  TISD  in  the  lower  energy  region.  Koehler  et  al.  succeeded 
in  explaining  the  the  changes  quantitatively  from  a  combination  of  three 
independent  processes,  1-  phonon  tunneling  process,  2-phonon  Raman  scattering 
process  and  activation  process  [3].  The  material  parameters,  however,  that 
determine  the  changes  are  still  unknown.  We  report  TISD  results  of  some 
dye/polymer  systems  and  correlation  between  TISD  and  polymer  properties. 
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Experimental 

The  dyes  employed  in  this  study  are  tetraphenoxyphthalocyanine  (TPPc)  and 
tetra-tert-buthylphthalocanine  (TBPc).  And  the  polymers  employed  are  poly 
stylene  (PS),  poly{o-methylstyrene)  (o-MePS),  poly(a-methylstyrene)  (a-MePS), 
polymethylmethacrylate  (PMMA),  polyisobutylene  (PIB),  polyethylene  (PE)  and 
poly(4-methyl-1-pentene)  (P4M1P).  The  dyes  and  polymers  were  dissolved  in 
organic  solvent  like  dichloromethane  and  toluene  except  for  insoluble  polymers 
like  PE  and  P4M1P.  The  dye/polymer  solution  was  cast  and  dried.  And  a  sample 
film  was  heated  to  melt  for  eliminate  trace  of  solvent.  Hole  burning  was  done  at 
6K  with  a  pulsed  dye  laser  (Lambda  Physik  FL2002)  excited  by  a  XeCI  excimer 
laser  (Lambda  Physik  EMG50).  And  samples  were  heated  up  to  excursion 
temperature  and  cooled  down  to  6K.  ZPH  spectra  were  fitted  by  Lorentzian. 

Results  and  discussion 

An  example  of  TISD  data  is  presented  in  Fig.1.  The  temperature  dependency 
curve  of  hole  width  is  well  represented  by  straight  line.  However,  in  the  case  of 
some  samples  like  TBPc/PE,  there  was  a  paticular  temperature  that  the 
discrepancy  from  the  straight  line  began.  In  these  cases,  from  the  slope  of  straight 
line  in  lower  temperature  region,  we  obtained  the  irreversible  broadening  rate  K. 
Obtained  K  and  packing  density  p  (by  Bondi[4])  are  listed  in  Table  1.  The  packing 
density  p  is  calculated  by  dividing  molar  van  der  Waals  volume  of  monomer  by 
polymer  volume  of  1  mol  monomer.  Fig.  2  shows  that  obtained  K  were 
dependent  on  packing  density  p.  This  correlation  suggests  that  TISD  was 
dependent  on  micro  unoccupied  volume  of  polymer.  The  fitted  curve  is 

K=1.8xl0^xex  p(— -r) 

p-  1 

which  has  the  same  form  with  Doolitle  type  equation  for  describing  the  viscosity  of 
melting  polymers.  Cohen  and  Grest  [5]  showed  that  Doolitle  type  equation  is 
derived  from  entropical  re-orientation  of  unoccupied  volume.  Then,  the  correlation 
we  found  suggests  that  TISD  was  caused  by  re-orientaion  of  unoccupied  volume 
from  conformational  change  in  polymer  matrix. 
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Conclusion 

TISD  coefficients  K  were  obtained  from  the  slope  representing  TISD  temperature 
dependency  in  lower  region.  We  found  the  correlation  between  K  and  Bondi's 
packing  density  p  was  well  fitted  in  Doolitle  type  equation.  This  correlation 
suggests  that  TISD  was  caused  by  reorientation  of  unoccupied  volume  in  polymer. 
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Table  1  Temperature  coefficients  of  TISD  K  and  packing  density  p 


dye 

polymer 

K/10*2cm-lK 

p^^ 

TBPc 

PIB 

0.18 

0.715 

PE 

0.22 

0.710 

PMMA 

1.0 

0.660 

PS 

4.5 

0.636 

P4M1P 

2.7 

0.606 

TPPc 

a-MePS 

2.1 

0.660 

o-MePS 

2.4 

0.644 

PS 

4.0 

0.636 

a);  Calculated  by  Bondi[4]. 
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Temperature/K 

Fig,  1  Typical  TISD  data  for  TPPc/PS 
The  slope  Is  4.0. 


P 


Fig.  2  Temperature  coeddiclents  of  TISD  (K) 
p  Is  packing  density  of  polymer  callculated 
by  Bondi  [4]. 


Friday,  September  27,  1991 


High  Temperature 
and  Photon  Gating 


FA  8;30am- 1 0:30am 
DeAnza  Room 


A.  J.  Sievers,  Presider 
Cornell  University 


134  /  FAM 


Room  Temperature  Persistent  Spectral  Hole  Burning  using  Dielectric  Particles 
as  Photonic  Atoms,  S.  Arnold,  Microparticle  Photophysics  Laboratory (MP^L), 
Department  of  Physics,  Polytechnic  University,  333  Jay  St.,  Brooklyn,  N.Y. 

11201,  Tel:  (718)2603085 

Persistent  spectral  hole  burning  at  room  temperature  has  recently  been 
demonstrated  using  a  2-D  collection  of  fluorescent  spherical  microparticles  having 
a  random  distribution  of  sizes. i  In  this  system,  known  as  a  Microparticle  Hole 
Burning  Medium(MHBM),  the  differences  in  the  frequencies  of  Morphology 
Dependent  Resonances(MDR)  with  size  enables  one  to  generate  a  fluorescence 
excitation  spectrum  which  is  heterogeneous. 

MDR's  are  associated  with  photon  confinement  by  a  particle's  "dielectric 
potential".  In  fact  one  can  transform  the  usual  electromagnetic  vector  wave 
equation  into  a  Schrodinger  equation  which  reveals  modal  functions  which  are 
analogous  to  wavefunctions  of  electrons  in  an  atoms.  However,  unlike  states  in  a 
conventional  atom  the  modes  of  a  "photonic  atom"  are  virtual  with  the  photon 
lifetime  limited  by  leakage  out  of  the  particle.2  The  leakage  can  be  extreemly  slow. 
Recent  measurements  rev«al  Q's  approaching  1 0^  3,4  Furthermore  the  theoretical 
analysis  shows  that  each  resonance  occurs  at  a  constant  value  of  ka,  where  k  is 
the  magnitude  of  the  wavevector  in  vacuum  and  a  is  the  particle  radius.  Thus  a 
collection  of  particles  having  a  distribution  of  sizes  of  width  (jg  when  irradiated 
near  a  given  resonance  should  display  an  inhomogeneous  width  yih  -  Qa  <k>/<a>, 
where  <k>  is  the  average  wavevector  of  the  radiation  and  <a>  is  the  average 
particle  size.  From  the  standpoint  of  hole  burning  the  advantages  of  using  a 
collection  of  particles  as  a  hole  burning  memory  are 

a.  the  homogeneous  linewidth  associated  with  leakage  yh  -  <k>/Q  is  narrow  and 
virtually  insensitive  to  temperature,  and 

b.  the  inhomogeneous  linewidth  yih  *  Og  <k>/<a>  associated  with  the  size 
distribution  width  can  be  much  broader  since  it  is  controlled  independently. 

Since  fluorescence  is  incoherent  we  can  model  the  fluorescence  from  such 
a  collection  of  particles  by  adding  the  Mie  absorption^  from  each  of  the  particles. 

g.1  shows  such  a  simulation  for  10"^  doped  polystyrene  particles  (refractive 
index  =  1.59+10'®i)  having  a  mean  radius  <a>  of  1.44  and  a  standard 
deviation  to  average  size  ratio  oa/<a>  of  0.01 .  Although  the  absorption  due  to  a 

given  particle  within  the  distribution  shows  distinct  resonances  at  which  the 
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absorption  increases  by  more  than  a  factor  of  10,  the  collective  absorption  of  all 
10^  particles  (Fig.1,  top  curve)  shows  only  small  variations  in  intensity  with 
wavelength.  Now  we  suppose  that  an  intense  laser  is  projected  onto  the 
distribution  at  a  wavelength  of  588. 3nm.  As  a  consequence  of  photochemical 
bleaching  the  fluorescence  from  each  particle  will  fall  with  exposure  time  with  the 
rate  of  photolysis  in  proportion  to  the  absorbed  power,  P  Using  an  exponential 
recipe  the  fluorescence  from  each  particle  is  multiplied  by  F(a,  a^)  =  exp[-pP(a, 
Xy,)/P{<a>,  X^)],  where  p  is  a  parameter  which  is  proportional  the  incident  intensity 
of  the  photolyzing  light,  the  quantum  efficiency  for  photolysis  and  time.  Fig.1  shows 
fluorescence  excitation  spectra  with  a  hole  at  distinct  from  the  noise  due  to 
number  fluctuations,  after  photolysis  (p  =1  or  20). 


Wavclcneih(nm) 


Fig.1 .  Fluorescence  excitation  spectra  before  (p  =  0)  and  after  two  sii  jiated 
burns  (p  =  1  and  20)  on  a  particle  distribution  with  <a>  =1 .44  |im  and 
oa/<a>  =0.01. 
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The  hole  at  588. 3nm  is  apparent.  The  increased  broadening  of  this  hole  with 
increasing  |:1  is  due  to  saturation  effects.  As  one  can  also  see  there  is  a  subsidiary 

hole  at  598nm. 

To  test  our  basic  idea,  experiments  were  carried  out  on  Nile  red  dyed  latex 
particles  (<a>  =12.1  |.im,  03=  2.2  i^m.  concentration  •  10' '^M).  These  particles 

were  placed  on  a  cover  glass  and  irradiated  on  the  stage  of  a  fluorescence 
microscope  with  a  tunable  dye  laser.  The  particles  appeared  to  be  in  one  layer 
with  each  particle  touching  at  least  one  of  its  neighbors.  The  excitation  spectrum  of 
the  fluorescence  from  approximately  2000  particles  in  an  area  of  Imm^  is  shown 
in  Fig. 2a.  Following  this  scan  at  0.4mW  for  10  min.  the  laser  wavelength  was  fixed 
at  572. 5nm  and  the  sample  was  irradiated  for  5  min.  at  40W/cm2.  Fig.2b  shows 
the  resulting  excitation  spectrum  taken  under  the  same  conditions  as  in  Fig  .2a. 
The  overall  reduction  in  luminescence  of  the  scan  in  Fig. 2b  in  comparison  with 
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Fig  2  Fluorescence  excitation  spectra  taken  (a)  before  and  (b)  after  projecting  a 
relatively  intense  laser  onto  the  sample  at  572. 5nm 
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Fig.2a  is  due  to  phoytolysis  of  the  Nile  red  dye.  The  "hole"  in  the  spectrum  in 
Fig.2b  at  572.5nm  is  apparent.  The  effect  does  not  have  a  predominant  surface 
sensitivity.  Similar  effects  were  obtained  on  an  Al  surface.  The  width  of  holes 
produced  in  these  particles  were  approximately  lA,  or  ~  2x1  O''*  of  the  wavelength. 

The  width  of  the  hole  in  Fig. 2  is  much  larger  than  would  be  expected  from  the 
largest  Q's  measured  on  dielectric  particles  of  1 On  this  basis  the  hole  width 
would  be  expected  to  be  ~10-3  -10-^  A.  The  larger  width  in  the  microparticle  hole 
burning  spectra  may  be  understood,  however,  in  terms  of  a  severe  reduction  in  the 
photon  lifetime  within  the  particles  at  resonance  due  to  absorption.  The  rate  of 
decay  for  a  trapped  photon  in  the  presence  of  absorption  is  approximately 
(c/n)paOa,  where  Pa  is  the  density  of  absorbers,  Oa  is  the  cross  section  for 
absorption,  and  c/n  is  the  speed  of  light  in  a  material  of  refractive  index  n.3'6  If  this 
absorption  dominates  over  leakage  then  the  width  of  a  resonance  divided  by  its 
frequency  Wr  will  be  (c/n)paOa/  cor.  Since  the  width  of  a  hole  is  related  through  a 
convolution  to  the  width  of  a  resonance,  the  ratio  of  the  width  of  a  hole  to  the 
frequency  should  be  2(c/n)paOa/a)r.  From  the  molar  extinction  of  Nile  red  and  the 
concentration  of  dye  in  our  particles  we  calculate  this  ratio  to  be  ~1 .5X1 0"*  in  good 
agreement  with  the  measured  value  of  ~2X10''*  and  three  order  of  magnitude 
above  the  lowest  value  which  can  be  anticipated.  Therefore  we  anticipate 
considerably  sharper  holes  at  reduced  dye  concentration. 

It  is  interesting  to  note  that  interactions  between  neighboring  particles  do  not 
seem  to  be  an  important  source  of  line  broadening  at  least  down  to  the  Angstrom 
level  even  though  particles  are  touching.  We  have  recently  investigated  this  effect 
theoretically  by  the  method  of  Fuller^  for  one  oarticle  in  contact  with  another  of  a 
different  size  and  find  that  as  long  as  the  exciting  radiation  is  directed 
perpendicular  to  the  line  joining  the  particles  there  is  no  significant  interparticle 
coupling. 
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Room  Temperature  Persistent  Spectral  Hole  Burning  in  Distributions  of  Optical 

Cavities:  A  Simple  Fabry-Perot  Model 
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Cavity  Spectra  and  Hole  Burning 

Efforts  to  create  materials  in  which  to  burn  holes  at  higher  temperatures  face  an  inherent 
contradiction:  the  need  for  inhomogeneous  line  broadening  from  host-guest  interactions,  vs.  the 
desire  to  limit  the  homogeneous  line  broadening  from  thermal  fluctuations  of  host-guest  interactions 
(i.e.  phonon  broadening).  A  different  approach  to  the  question  of  how  to  bum  holes  at  high 
temperatures  was  recently  conceived  and  experimentally  confirmed.^  This  approach  relies  on  using 
distributions  of  chromophore-doped  optical  cavities  as  the  hole  burning  m^ium.  The  effect  was 
recently  observed  in  dye-doped  micro-spheres.  As  a  simple  model  illustrating  the  important  effects 
characteristic  to  these  Mie  theory  cavity  resonances  in  spheres,  the  Fabry-Perot  is  treated  analytically 
and  numerically  in  this  work. 

The  dynamic  consequences  of  confining  emitting  species  in  cavities  has  been  an  active  topic  of 
research  in  recent  years.  Spectroscopic  aspects  of  doped  cavities  have  received  less  attention, 
however.  Placing  optically  active  molecules  within  cavities  imposes  periodically  varying  structure  on 
the  molecular  spectrum.  The  spectrum  of  dye  molecules  in  a  single  cavity  will  contain  sharp  lines  at 
wavelengths  satisfying  the  cavity  round  trip  equation,  with  widths  that  reflect  the  confinement  time  of 
the  light  inside  the  cavity.  This  may  be  thought  of  as  the  homogeneous  linewidth  imposed  by  the 
cavity.  Arnold  and  co-workers'  demonstrated  that  a  distribution  of  cavity  sizes  (the  radii  of  micro¬ 
spheres  in  Ref.  1)  imposes  an  inhomogeneous  spectral  distribution,  and  that  this  can  be  taken 
advantage  of  to  bum  spectral  holes  at  room  temperature.  Interest  in  this  phenomena  is  sparked  by  its 
nature  as  a  new  type  of  hole  burning  effect,  its  possible  utility  for  frequency  domain  optical  memory, 
and  its  use  to  size  and  study  the  motion  of  distributions  of  micro-spheres.' 

The  spectrum  of  an  optically  active  cavity  is  described  by  the  function  P(ka),  (k  is  2n/X,  a  is 
the  cavity  size),  which  has  the  appearance  of  the  product  of  the  molecular  spectrum,  M(k),  and  the 
cavity  spectrum,  C(ka):  P(ka)  =  M(k)  C(ka).  Strictly  speaking,  P(ka)  will  be  altered  by  absorptive 
loss.  Absorptive  loss  is  neglected  for  the  time  being,  as  if  the  optically  active  material  was  behind  the 
cavities,  rather  than  inside.  The  effect  of  absorption  can  easily  be  introduced  later,  as  a  loss  term  that 
defines  a  lower,  effective  reflectivity.  In  what  follows  the  molecular  spectrum  will  be  assumed  to  be 
homogeneously  broadened,  and  wide  enough  so  that  it  may  be  considered  constant  over  the 
wavelength  ranges  considered.  For  a  wide  distribution  of  cavity  sizes,  the  size  dependence  of  the 
optical  density  would  also  need  to  be  included,  unless  the  number  of  absorbers  was  kept  constant  in 
the  cavities  of  different  sizes.  Such  complications  are  dispensed  with  for  now.  Standard  hole 
burning  theory  provides  a  framework  from  which  to  proceed.^ 

We  assume  some  distribution  function  of  cavity  sizes,  No(a),  exists.  The  general  formula  for 
the  spectrum  of  the  ensemble  of  optically  active  cavities  of  size  a  is: 

Io(k)  =  |^!^^P(ka)da  (1) 

After  irradiation,  which  photolyzes  some  of  the  molecules,  the  spectrum  becomes: 

Ib(k)  =  I  ^^P(ka)exp(-pP(kwa))da  (2) 

where  k^  denotes  2jtA,w,  the  subscript  w  referring  to  the  writing  or  burning  wavelength,  and  P  is  the 
burning  parameter,  which  is  the  prtxiuct  of  the  bum-laser  photon  flux,  the  hole  burning  quantum 
efficiency,  and  the  irradiation  time.  P  will  vary  due  to  the  modal  spatial  intensity  variation  inside  the 
cavity.  We  do  not  treat  this  spatial  hole  burning  effect  in  the  following  discussion.  In  the  small  P 

limit,  adopted  in  v'hat  follows,  this  poses  no  concern.  When  pP(kwa)  is  small,  as  would  be  the  case 
for  short  burning  time,  Eq.  (2)  becomes: 


FA2-2  /  139 


Ib(k)  =  j  P(ka)  [l  -  p  P(kwa)]  da  (3) 

Recognizing  lo(ka)  as  one  term  in  the  above  integral,  adopting  a  uniform  size  distribution  function 
(No(a)/N  =  1,  ai  <  a  <  a2;  No(a)/N  =  0,  elsewhere),  and  defining  the  hole's  line  shape  as, 
Ih(k)  =  Io(k)  -  Ib(k),  the  expression  for  Ih(k)  becomes: 

r 

Ih(k)  =  P  P(ka)  P(kwa)  da  (4) 

Ihe  Ea^?rYr.Pgrgt  C.av»tY. 

Examining  the  hole  burning  behavior  of  a  distribution  of  planar  cavities  is  useful  because  of 
the  close  analogies  between  their  resonances  and  the  somewhat  less  theoretically  tractable  Mie  theory 
resonances  of  micro- spheres.  In  addition,  optically  active  planar  structures  could  potentially  have  use 
as  a  frequency  domain  optical  memory  material,  as  has  been  suggested  for  micro-spheres^  (limitations 
unique  to  planar  structures,  such  as  diffractive  loss  will  be  discussed  elsewhere). 

The  transmission  spectral  function  for  a  non-absorbing  etalon  is:  ^ 

P(ka)  =  - — ! - r  (5) 

1  +  f  sin^n  cos(0)  k  a) 

where  f  is  the  contrast,  f  =  4R2/(1-R2)2^  r  is  the  reflectivity,  n  is  the  real  part  of  the  refractive  index. 


and  0  is  the  incident  angle  of  the  reading  and  burning  laser  light  and  assumed  to  be  zero  for  normal 
incidence  in  what  follows.  The  hole  spectrum  for  a  uniform  distribution  of  Fabry-Perot  cavities  is 
then  described  by: 

Ih(k)  =  pf  - L - \ - da  (6) 

L  1  +  fsin^(nka)  1  +  fsin^(nkwa) 


This  function  has  some  interesting  limiting  cases. 

1.  The  low  Q  (low  R)  limit.  For  low  reflectivity,  R,  f  =  4R2  «1,  using,  l/(l+x)  =  1-x  for 
x«l,  Eq.  (6)  becomes, 

Ih(k)  =  pf  [l  -  fsin^(nka)]  [l  -  fsin^(nkwa)]  da  (7) 

hi 

After  dropping  constant  terms  and  oscillating  terms  which  integrate  to  zero,  application  of  a  Fourier 
cosine  transform  simplifies  Eq.  (7)  to  the  familiar  Sin(x)/x  function: 


_  pf^  Sin[2nAa(k-kw)] 
"  l6  (iTkJ 


(8) 


The  linewidth  in  units  of  l/X,  is:  fwhm  =  l/(4nAa),  and  is  dependent  upon  the  width  of  the  size 


distribution.  The  wider  the  distribution  in  cavity  sizes  (Aa  =a2-ai),  the  narrower  the  hole  width 
obtained.  This  is  a  feature  unique  to  overlapping  (low  Q),  periodic  spectral  functions.  Holes  burnt  in 

this  limit  will  be  very  weak,  with  a  maximum  depth  of  pf^/lb,  where  P  and  f  are  both  small  numbers. 
Practically,  however,  the  extremely  shallow  depth  limits  the  detectability  of  holes  burnt  in 
distributions  of  low  Q  cavities.  The  intensity  of  the  total  baseline  decreases  by  a  factor  approximately 

equal  to  p,  due  to  the  appreciable  absorption  of  all  modes  at  the  burning  wavelength.  This  is  another 
limitation  on  the  utility  of  low  Q  cavity  distributions. 

Figure  1  plots  the  numerically  integrated  results  of  Eq.  (6),  illustrating  the  low  Q  hole  shape 

for  a  distribution  of  10^  F-P  cavities  ranging  in  size  from  a  =  20-1000  jim,  with  R  =  0.1,  n=1.5,  P  = 
0.10.  The  broad  size  distribution  is  necessary  to  realize  a  narrow  linewidth,  predicted  to  be:  fwhm  = 
1/(4*1.5*.098  cm)  =  1.7  cm'F  The  linewidth  of  the  Sin(x)/x  function  at  its  first  two  "zeros” 
(meaning  the  crossing  around  the  y  value  of  approximately  0.096078)  in  Fig.  1(B)  ,  is  0.119  nm. 
This  is  twice  the  fwhm  linewidth  for  a  Sin(xVx  function,  giving  a  fwhm  from  the  numerical 
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calculation  of  1.7  cm'*,  in  agreement  with  the  analytical  result  for  the  low  reflectivity  limit.  Hole 
widths  are  narrower  that  the  resonance  widths  in  this  limit.  The  cost  of  this  narrowness  is 
considerable  burning  across  the  entire  spectrum,  and  the  shallowness  of  the  hole. 

2.  The  high  O  thigh  limit.  When  reflectivity  is  high,  the  contrast  is  large,  and  successive 
resonances  do  not  overlap  appreciably.  The  hole  spectrum  described  by  Eq.  (6)  will  then  be  close  to 
Lorentzian,  for  nka  «  mn,  where  m  is  an  integer.  This  will  hold  for  a  narrow  size  distribution,  for  the 
spectral  shape  in  the  vicinity  of  k  =  kw  Using  Sin2(x)  =  x^,  and  l/(l+fx)  =  (1/f)  /  ((l/f )+  x),  the 
hole  spectrum,  Eq.  (6)  becomes: 

Ih(k)  =  p[  - - -  da  (9) 

iai  (nka-rntt)^  l/f  +  (nkwa-rnttr 

Eq.  (9)  is  recognizable  as  the  convolution  of  two  Lorentzians.  This  yields  a  Lorentzian  with  a  width 

twice  that  of  the  Fabry-Perot  bandpass.  In  units  of  lA  this  width  is: 

fwhm  =  — — -  (10) 

VT  7t  n  <a> 

where  <a>  is  the  median  cavity  length.  The  hole  shape  tends  towards  a  Lorentzian,  with  twice  the 
width  of  the  mean-size  Fabry-Perot  cavity  resonance.  This  formula  will  apply  whether  the  laser  is  on 
a  resonance  or  not,  although  the  hole  will  be  weaker  in  the  latter  case. 

Figure  2  compares  the  spectrum  of  a  single  Fabry-Perot  resonance  (A)  with  hole  spectra  from 
Eq.  (6)  for  two  size  distributions.  For  the  moment,  we  only  consider  the  spectral  region  close  to  the 
burning  wavelength,  chosen  to  match  the  590.  IM  nm  resonance.  The  hole  spectra  are  close  to 
Lorentzian  in  shape,  with  a  width  twice  that  of  the  mean  cavity  resonance.  Interestingly,  this  remains 
true  for  quite  wide  size  distributions,  although  some  deviation  is  noticeable  for  the  20-100  iim 
distribution,  pictured  in  Fig.  2  (C).  Hole  shapes  for  extremely  wide  distributions  in  the  high  Q  limit 
take  on  a  "cuspier"  appearance,  but  widths  still  do  not  differ  greatly  from  the  2/(f*^n<a>)  value. 

Figure  3  shows  what  happens  off  resonance  from  the  burning  frequency.  Subsidiary  holes 
may  occur  due  to  the  repeating  nature  of  the  spectra  of  the  cavities.  An  inverse  relationship  exists 
between  the  width  of  the  size  distribution,  and  the  amplitude  of  the  envelope  of  subsidiary  holes. 
Higher  cavity  Q's  also  reduce  the  importance  of  the  subsidiaries.  Figs.  3  (A)  -  (C)  illustrate  this. 
Conclusions 

Distributions  of  optical  cavities  can  be  exploited  to  create  spectral  holes  at  room  temperature.* 
Choosing  the  simplest  cavity,  the  piano  Fabry-Perot,  analytical  equations  have  been  derived  for  hole 
shapes  in  limit  of  both  high  and  low  Q  cavities.  In  the  high  Q  limit,  the  spectral  hole  shape  is  close  to 
Lorentzian,  with  a  width  twice  that  of  a  cavity  resonance.  For  distributions  of  cavities  with  low  Q 
factors,  only  very  weak  resonant  holes  can  be  produced,  possessing  a  Sin(x)/x  line  shape.  While 
these  calculations  are  for  planar  cavities,  distributions  of  spherical  cavities  of  die  the  type  examined  by 
Arnold  and  co-workers  are  expected  to  have  similar  behavior  in  the  high  and  low  Q  limits.  Since 
micro-spheres  have  varying  orders  of  resonances,  their  hole  spectra  will  inevitably  superimpose  both 
cases.  Other  types  of  optical  structures,  such  as  fibers  and  waveguides,  exhibit  sharp,  periodic 
resonances  which  might  be  exploited  for  optical  memory  purposes.  In  all  of  these  systems,  the 
fundamental  limitation  on  data  density  imposed  by  the  diffraction  limit  of  light,  is  compounded  by  the 
need  to  have  a  wide  distribution  of  cavity  sizes.  Broadening  of  the  resonances  through  absorptive 
loss  in  the  active  medium  is  another  limiting  factor.  Overcoming  these  limitations  will  be  crucial  to  the 
utility  of  cavity  assisted,  room  temperature  holeburning  as  an  optical  memory  technique. 
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nm 


Figure  1.  Hole  burning  in  the  low  Q  limit  (low  renectivity,R).  Detail  of  the  hole  spectral  function, 
Ih(^)  =  lo(^)  -  Ib(^)  vs.  wavelength  (nm).  The  fwhm  of  the  sinx/x  type  spectrum  is  closely  equal  to  l/(4nAa),  as 
predicted  analytically. 
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Figure  2.  Spectral  functions  for:  (A)  resonance  peak  at  590. 164  nm  of  a  single  a  =  60  pm,  R  =  0.95  etalon;  (B) 
hole  spectral  function,  Ih(A.)  for  a  A^<a>  =  10%  uniform  dispibution  centered  at  60  pm,  a  =  57-63  pm,  p  =  0.10, 
R  =  0.95,  N  =  KXX);  (C)  hole  special  function,  Ih(X,)  vs.  wavelength  (nm)  for  a  Aa/<a>  =  133%  uniform 
distribution  centered  at  60  pm,  a  =  20-100  pm,  p  =  0.10,  R  =  0.95,  N  =  1000.  Holes  are  normalized  to  1.0  for 
comparison  to  etalon  transmission,  n  =  1.5  for  all. 
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Figure  3.  Hole  Spectra,  Ih(^)  for;  (A)  Aa/<a>  =  10%  uniform  disuibution  centered  at  60  pm,  a  =  57-63  pm, 
P  =  0.10,  R  =  0.95,  N  =  1000;  (B)  Aa/<a>  =  33%  uniform  disuibution  centered  at  60  pm,  a  =  50-70  pm, 
P  =  0.10,  R  =  0.95,  N  =  1000;  (C)  Aa/<a>  =  133%  uniform  distribution  centered  at  60  pm,  a  =  20-100  pm, 
P  =  0.10,  R  =  0.99,  N  =  10,000.  Holes  are  normalized  to  1.0.  Subsidiary  holes  are  reduced  by  widening  the  size 
distribution  and  increasing  Q. 
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1.  Introduction 

Persistent  spectral  hole  burning  (PSHB)  was  discovered  in  organic  molecular  system  in 
1974 L  1]  •  years  later,  PSHB  in  inorganic  materials  was  discovered  in  NaF  by 

R.  M.  Macfarlane  et  al[2].  In  1985,  A.  Winnacker  et  al'3]  first  observed  photon  gated 
spectral  hole  burning  in  BaFCl.Sm'"  at  2K.  Hole  burning(HB)  is  useful  in  high  resolution 
spectroscopy.  It  is  also  of  crucial  importance  for  the  application  to  frequency  domain 
optical  storage.  The  storage  density  is  proportional  to  the  ratio  of  inhomogeneous 
linewidthC  r.)  to  the  homogeneous  I  inewidth(  f,),  N(-r,  f.).  The  inhomogeneous  linewidth 
of  ’D.-T,  transition  of  Sm"  is  16GHz  and  the  hole  width  is  25MHz  in  BaFCl  at  2K[3..  For 
this  material,  the  inhomogeneous  linewidth  changes  only  moderately  with  the  temperature; 

On  the  other  hand,  the  homogeneous  linewidth  increases  rapidly  as  the  temperature  rises. 
Then,  a  small  value  of  N(^2)  can  be  estimated  when  HB  temperature  is  raised  to  TlX.  That 
means,  it  is  difficult  to  burn  a  hloe  in  the  inhomogeneous  line  in  BaFCl, Sm''  at  77K.  To 
maintain  a  reasonable  storage  capacity  or  to  study  HB  at  a  quite  high  temperature,  a  large 
inhomogeneous  linewidth  is  in  great  request. 

In  our  previous  work,  the  inhomogeneous  linewidth  of  ’D,-T,  transition  of  Sm''  ions 
were  broadened  by  adding  Br  ions  to  BaFCl  matri.x;  4]  .  HB  and  fluorescence  tine 

narrowing(  FLN)  were  observed  in  BaFClj,Br.,„Sm''  at  77K.  The  variation  of  F,  and  F, 

with  X  was  studied  by  HB  and  FLN  in  BaFCl,Br„,Sm''  at  77Kl5].  In  this  paper,  we  report 
our  results  on  M,M  .,FCl„Brj,,SB'‘(MM  series)(M,M  -  Ca,  Sr,  Ba;  y^^O'-I)  series 
materials,  in  which  HB  was  obtained  at  77K.  The  dependence  of  the  energy 
levels,  inhomogeneous  linewidth  and  homogeneous  linewidth  of  ’D,--T,  transitions  on  y  were 
studied  by  fluorescence  spectra  and  HB.  A  large  inhomogeneous  linewidth,  i.e.  a  large 
ratio  N,  was  obtained  in  a  mixture  which  was  formed  by  mixing  the  samples  with  different  y 
togather. 

2.  Experimental 

Ca,Sr,J^Cl,  .Br,  „  Sm''(CaSr  series)  and  Sr.Ba,J^Cl„Br,„  Srn't  SrBa  series) 
powder  samples  were  prepared  by  high  temperature  .solid  state  reaction.  Growth  conditions 
are  similar  to  that  described  by  C.VIeil4j.  In  the  growth,  the  chemical  reagent  used  in 

this  work  is  as  follows,  CaF,  ,  CaCl,  ,  CaBr,  ,  SrF,  ,  SrCl,  ,  SrBr,  ,  BaF, 

,  BaCl,  •  2H,0  ,  BaBr,  and  Sb,0,.  The  nominal  molar  concentration  of  ?m  in  the  samples  is 

O.OI. 

In  measuring  fluorescence  spectra,  337.1  n«  line  of  a  nitrogen  laser  was  used  as  an 
excitation  source.  Spex-1403  monochromator  was  used  to  detect  the  fluorescence.  The  data 
were  processed  by  a  microcomputer.  A  tunable  dye  laser,  pumped  by  a  pulsed  Quanta-Ray 
DCR-2A  Nd.YAG  was  used  for  HB  study.  Spectral  holes  were  probed  in  a  excitation  spectrum 
which  was  measured  by  monitoring  ’D,-T,  emission  with  a  D330  spectrometer  , while  scanning 
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T.-’Dj  transition.  The  saaples  were  iiuBiersed  in  liquid  nitrogen. 

3.  Results  and  Discussions 

Persistent  spectral  hole  can  be  burned  in  the  three  metastable  ’D/J=0, I, 2)  excited 
states  of  the  4f*  configuration.  L. Zhang [5]  has  observed  that  the  F,  values  of 
emission  of  Sm'"  increase  obviously  and  approach  a  maximum  with  x  close  to  0.  5  in 
BaFCl,Br„.  In  view  of  the  result  above,  we  add  Ca,  Sr  and  Ba  ions  in  BaFCl^jBCj,  to 
form  CaSr  series  and  SrBa  series.  Their  fluorescence  spectra  were  measured  at  77ff.  The 
inhomogeneous  linewidth  and  the  encrgyCE,)  of  emissions  in  the  two  series  are 

shown  in  table  1  and  table  1,  respectively.  From  the  tables,  we  conclude  that  the  F, 

values  increase  slightly  with  y  close  to  0.5,  while  the  energy  E,  shiftes  to  higher  as  y 
decreases.  The  result  is  discussed  as  follows, 


Table  1  Values  of  F,(cm')  and  E„(cm')  in  CaSr  series  with  different  y 


y 

0.2 

0.4 

0.5 

0. 

55 

0.7 

0.8 

F, 

33 

32 

35 

38 

38.5 

39 

E. 

14483 

14480 

14474 

14466 

14458 

14450 

Table 

2  Values  of  F.(cm')  and  E,<cm')(Jr0, 1, 

2)  in  SrBa 

series 

wi th  different  y 

y 

0 

0.25 

0.4 

0.5 

0.65 

0.75 

1 

F. 

26 

27 

28 

31 

28 

29 

24 

E. 

14534 

14528 

14527 

14512 

14510 

14502 

14483 

F 

26 

34 

30 

38 

32 

33 

31 

E. 

15879 

15871 

15871 

15856 

15852 

15842 

15819 

r, 

26 

26 

26 

34 

35 

27 

20 

E. 

17820 

17809 

17807 

1779  1 

17789 

17781 

11760 

In  BaFCl,  Sm*',  the  Sm' 

''  ions  substitute  the 

Ba*'  ion 

sites  and  have  C„ 

symmetry. 

BaFCl.Br,,, 

Sm*'  has  the  same 

structure  as 

BaFCl,Sm*'[5]  and 

the  ligands  Cl  and 

Br  around 

Sm*'  have  different  configurations  with  different  probabilities  for  different  x.  The 
inhomogeneous  line  shape  is  determined  by  envelopes  over  contributions  from  different 
ligand  conf igurat ions  [  5]  .  That  indicates  that  the  spread  of  energy  levels  is  mainly 
dependent  on  the  randomness  of  the  nearest  anions  of  Cl  and  Br-.  The  randomness  is  the 
largest  for  x:0.5[5,6l.  In  MM  series,  the  composition  of  anions,  0.5,  is  constant,  so 
that  F,  changed  slightly  when  the  composition  of  cations  varies.  This  may  be  caused  by 
two  facts,  the  first,  cations  are  located  at  farther  sites  than  anions  to  Sm*’  ions;  the 
second,  electric  field  shielding  may  play  a  role. 

Fig.  1  and  Fig. 2  show  the  dependence  of  E,  on  y  for  CaSr  series  and  SrBa  series, 
respectively.  It  shows  that  the  dependence  is  linear.  In  BaFCl.Br,,,  Sm*',  a  linear 
dependence  of  E,  on  x  was  found  [6].  The  relationships  of  E,  with  x  or  y  from 
experimental  data  are  written  as, 

E,  r  14550  -  24. 7x  (BaFCl.Br,,) 


(1) 


144  /  FA3-3 


E«  =  14498  -  58. ly  (CaSr  series)  (2) 
E,  -  14546  -  61. Oy  (SrBa  series)  (3) 
E„  =  15885  -  61. Oy  (SrBa  series)  (4) 
E,  =  17828  -  61. Oy  (SrBa  series)  (3) 


The  change  of  energy  with  .x  or  y  should  be  attributed  to  the  increase  of  the  anionic 

radius(cationic  radius)  with  decreasing  x(y).  The  change  of  the  ionic  radius  perturbes  the 
crsytal  field[6]. 

According  to  the  optical  properties  of  the  materials,  it  is  possible  to  mix 
the  samples  with  different  x  or  y  togather  in  proper  proportion  to  form  a  mixture  with  a 
large  inhomogeneous  linewidth.  In  Eq.(l)-^(5),  the  energy  changes  faster  with  y  than  with 
X.  In  SrBa  series,  E„  (J-0, 1,3)  changes  with  a  same  slop.  Therefore,  three  samples  with  y 
values  of  0,  0.25  and  0.65  from  SrBa  series  are  selected  to  mix  togather  in  a  reasonable 
proportion.  The  inhomogeneous  line  shape  in  the  mixture  should  be  determined  by  the 
overlapping  of  the  inhomogeneous  line  shapes  in  the  three  samples.  To  T.-’D,  transition, 
the  inhomogeneous  linewidth  of  62.5cm'  in  the  mixture  is  estimated  by  using  the  data  of 
E,  and  f,  in  table  2. 


0  0.2  0.4  ^  0.6  0.8  1  Freciencyfcm'') 

Fig.  2  Dependence  of  the  energy  of  'Dj-Tj  Fig. 3  (a)  The  fluorescence  excitation 
emission  on  y  in  Sr,Ba,.,FClj5Br,5,Sm"  at  77K  spertrum  in  a  mixture  (b)  Three 

holes  in  the  inhomogeneous  line  at  77K 

Two-photon  persistent  spectral  hole  burning,  which  was  described  in  detail  liy  T.Wei’lj, 
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Is  observed  in  transition  in  the  mixture  at  77K.  Fig. 3(a)  shows  the  excitation 

spectrum  for  Tj-’Dj  transition.  The  width  of  the  spectral  distribution  is  65cra',  which 
is  in  greement  with  the  estimat ion(62. 5cm ')  above.  Three  spectral  holes  were  burned  in 
the  inhomogeneous  line  as  shown  in  Fig.  3(b).  Table  3  show.s  the  energy,  inhomogeneous 

linewidth,  homogeneous  linewidth  of  transition  and  ratio  N  in  the  three  samples 

and  their  mixture.  F,  is  determined  by  hole  width(  F,.,,)  and  laser  linewidth(  F,^,) 
according  to  F,=  (  F,.,.  -  F,^)-  2,  in  which  F,„  =  0.2  cm'.  We  see  that  F,  in 
each  sampte  is  less  than  0.5  cm'.  If  F^  in  the  mixture  is  considered  to  be  0.5  cm',  the 
ratio  N  is  as  large  as  130  in  the  mixtur  at  77K.  By  this  way,  the  inhomogeneous  line  width 
can  be  broadened  more  by  mixing  the  materials  in  which  the  energy  of  ’D.  -  Tj  transition 
distributes  widely. 

Table  3  The  values  of  Ea(cm'),  F,(cm'),  F,(cm')  and  N  in  the  three  samples  in 
SrBa  series  and  their  mixture. 


>’ 

E„ 

F, 

r. 

N 

0 

17821 

26 

0.5 

53 

0.25 

17809 

26 

0.4 

65 

0.65 

17739 

35 

0.38 

82 

Mixture 

17800 

65 

0.5 

130 

4.  Conclusion 

Fluorescence 

spectra 

and  persistent 

hole 

burning 

were 

studied  in 

Ca,Sr,.JClj,Br.„Sffl'‘ 

and  Sr,Ba,J'CU, 

iBr^jiSm*'  at  77K.  Inhomogeneous  tine  c 

ould 

be 

further  broadened  by  mixing  materials  togafher. 

The  results  show 

that 

optical  storage 

rapaci ty  could  be 

signi f leant ly 

increased  by  this 

method. 
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We  report  the  first  observation  of  spectral  hole  burning  in  the  spectra  of  im¬ 
purity  centers  at  room  temperature.  The  persistent  holes  are  burned  in  the 
(632  nm)  and  ^Dq-^Fq  (690  nm)  transitions  of  Sm^"*"  ions  in  the  title  compound. 

The  search  for  the  media  showing  persistent  hole  burning  at  liquid  nitro- 
gen^’^  or  at  room  temperatures  is  strongly  motivated  by  the  potential  applications 
of  this  phenomenon  in  the  frequency-selective  optical  data  storage  and  processing, 
as  has  been  demonstrated  in  a  number  of  low-temperature  experiments.^’^  The  ex¬ 
tension  of  the  temperature  range  of  the  hole  burning  method  could  also  be  of  in¬ 
terest  for  scientific  applications,  especially  in  probing  of  disordered  materials. 

In  our  study,  single  crystal  species  with  1  at%  samarium,  and  having  dimen¬ 
sions  of  0.2-5-5  mm^,  were  used.  From  the  structural  point  of  view,  they  can  be 
described  as  derivatives  of  PbFX  type  layer  crystals  with  substitutionally  disor¬ 
dered  double  layers  of  larger 
X  (C13r)  halogens  and  with 
the  Sm^'*'  impurities  in  the 
cationic  sites. 

The  main  spectral  fea¬ 
tures  of  Sm^'*^:SrFCl()5Bro.5 
^Dj-^Fq  transition  at  room 
temperature  are  presented  on 
Fig.  1.  While  the  absorption 
spectrum  or  the  nonselective- 
ly  excited  fluorescence  spec¬ 
trum  has  a  width  (FWHM)  of 
=30  cm'*,  the  excitation 
spectrum  of  this  transition, 
recorded  spectrally  selective¬ 
ly  near  the  centre  of  the  ^Dq- 
^Fq  fluorescence  band. 


Fig.  1.  ^D|-^F()  transition  spectra;  (+)  -  absorption,  (1) 
-  fluorescence  at  476.5  nm  excitation,  (2)  -  excitation 
spwctrum,  recorded  selectively  at  690. 1  nm.  The  units 
of  ordinate  axis  correspond  to  the  absorption  spectrum. 


shows  the  width  of  4.8  cm'*.  The  first  value  is  therefore  determined  by  the  inho¬ 
mogeneous  broadening  in  the  partially  disordered  host,  while  the  second  one  dem¬ 
onstrates  strong  correlation  between  the  frequencies  of  above  mentioned 
transitions,  and  sets  the  upper  limit  to  the  homogeneous  width  of  Dp  Fq  line. 

Persistent  hole  burning  was  observed  with  a  resonant  narrow-band  dye  laser 
(0.15  cm'*  bandwidth)  for  typical  exposures  of =10-100  s  at  the  intensities  of =10 
W/mm^  in  case  of  ^Dp^pQ  transition.  Holes  were  detected  in  the  excitation  spec¬ 
trum  by  monitoring  the  fluorescence  of  ^Do-^F2  line  around  730  nm. 

The  first  hole  in  the  spectrum  of  a  fresh  (non-irradiated)  sample  was  always 
relatively  small  (Fig.  2a),  reaching  at  long  exposure  times  the  depth  of  2-5%,  de¬ 
pending  on  the  sample.  The  main  properties  of  hole  burning  in  Sm^‘'’:SrFClQ  5Bro_5 
were  studied  on  samples  which  had  been  pre-irradiated  in  an  Ar'*'  laser  beam  (1.5 
W  at  514-458  nm),  typically  for  5-10  min.  They  can  be  summarized  as  follows: 


time  [s]  wavelength  [nm] 


Fig.  2.  (a)  -  Spectral  hole  in  ^Dp^Fg  transi-  Fig.  3.  Inhomogeneous  spectrum  of  ^Dq-^Fq 
tion  -  the  difference  of  two  spectra,  measured  transition  ( 1 ),  and  a  spectral  hole  (2)  burned 

before  and  after  180  s  exposure  at  631.7  nm  at  690.4  nm  (15  min.  exposure  at  =50  W/ 

(fresh  sample),  (b)  -  hole  burning  kinetics  mm^). 
before  (1)  and  after  (2)  the  sample  irradiation 
with  an  Ax'*'  laser  green-blue  light. 

1)  After  the  irradiation  by  the  Ar'*’  laser  green-blue  light,  strongly  absorbed 
by  the  f-d  transitions  of  Sm^'*’,  the  resonant  holes  with  a  maximum  depth  of  15- 
20%  could  be  burned  in  all  samples  studied  (Fig.2b). 

2)  The  smallest  holewidth  obtained  was  3.5  cm'*  for  the  ^Dp^Fg  transition 
and  2.6  cm'*  for  the  ^Dq-^Fq  transition  (Fig.  3).  Slight  variations  in  holewidth  were 


observed  due  to  the  sample  dependence,  the  more  defective  crystal  pieces  show¬ 
ing  the  wider  (but  still  narrower  than  5  cm'^)  holes. 

3)  The  hole  formation  was  ac¬ 
companied  by  the  increase  of 
signal  in  the  other  parts  of  inho¬ 
mogeneous  profile.  In  accor¬ 
dance  with  this,  the  second 
hole,  burned  at  a  shifted  reso¬ 
nant  wavelength,  partly  filled 
the  first  hole  which  has  been 
burned  in  the  same  sample  spot. 

4)  No  spontaneous  hole  fill¬ 
ing  was  observed  during  the 
time  intervals  of  =1  h. 

5)  The  holes  could  be  erased 
with  Ar'*'  laser  green-blue  light 
i.e.  the  photochromic  process  is 
reversible. 

6)  The  pre-saturation  depen¬ 
dence  of  the  hole  depth  (or  area) 

Fig.  4.  Two  holes  burned  with  the  same  dose  but  from  the  burning  intensity  was 

difietent  intensity  in  the  transition.  For  clearly  not  linear,  but  approxi- 

the  upper  hole  the  intensity  was  reduced  by  a  faaor  quadratic  (Fig.  4),  show- 

of  3  with  the  respective  increase  in  the  exposure  •  v  , 

T,  ,  ,  ...  .  1  -j  mg  that  the  absorption  of  two 

tune.  The  hole  areas  are  ui  the  ratio  close  to  1:3.  ®  ^ 

photons  occurs  in  the  elementa¬ 
ry  burning  act. 

The  two-photon  character  together  with  the  intensity  redistribution  within 
the  inhomogeneous  band  suggest  the  burning  mechanism  to  be  similar  to  that  ob¬ 
served  first  in  BaFCl  host  at  T=2K^  -  the  two-step  photoionization  of  Sm^'*'  with 
the  following  electron  trapping  on  bm^'*’  in  another  lattice  site.  There  may  be  two 
essential  differences  in  the  details  of  this  mechanism  at  or  near  the  room  temper¬ 
ature;  the  phonon-assisted  photoionization  may  have  lower  threshold  and  the  ion¬ 
ization  efficiency  may  be  increased  by  the  charge  compensating  movement  of  F 
ions.^  The  lack  of  redistribution  in  case  of  the  first  hole  burned  in  the  fresh  sample 
and  the  appearance  of  Sm^"*"  traps  after  the  sample  irradiation  indicate  that  some 
bulk  or  surface  traps  of  other  origin  should  also  be  present. 

The  correlation  between  the  energies  of  different  f-f  transitions  were  also 
studied  and  nearly  linear  dependence  between  the  energies  of  two  transitions  were 
obtained  with  a  “correlation  width”  of  1-2  cm’’. 
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The  comparison  with  the  “pure”  SrFCl  host  shows  that,  while  the  Cl-Br  dis¬ 
order  increases  the  inhomogeneous  broadening  (caused  by  the  variations  in  the  lo¬ 
cal  static  fields)  by  a  factor  of  «10^,  it  does  not  affect  the  homogeneous  linewidths 
Fj,  (determined  by  dynamical  modulation)  at  room  temperature.  For  mixed  crys¬ 
tals  the  values  of  Ffj  should  be  equal  or  smaller  than  the  halfwidths  of  the  narrow¬ 
est  holes:^’'*  1.75  cm-1  and  1.3  cm-1  for  the  ^Df^Fo  and  ^Dq-^Fq  transitions, 
correspondingly.  In  case  of  SrFCl  host  the  value  of  rj,=1.55±0.15  cm-1  was  ob¬ 
tained  for  both  transitions. 
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As  is  widely  recognized,  the  dephasing  of  an  optical  impurity 


doped  in  an  amorphous  host  is  mainly  brought  about  by  the  inte¬ 
raction  with  two  level  systems  (TLS)^^.  Because  the  microscopic 
structure  of  TLS  is  not  clear  and  statistically  distributed  in 
usual  cases,  it  is  quite  difficult  at  present  to  specify  the 
relevant  factors  which  govern  the  the  relaxation  of  TLS's  in  a 
given  material.  However,  we  know  that  the  relaxation  is  substan¬ 
tially  the  tunneling  of  atoms  in  the  material.  According  to 
ref. 2,  the  tunneling  relaxation  rate  is  proportional  to  exp(-2X), 
where  \  is  given  by 


A  = 


JL 

mV  .  2  d 
^  2  ’  Ta 


(1) 


Here,  m  is  the  mass  of  the  tunneling  atom  or  atoms,  V  the  poten¬ 
tial  barrier  height,  d  the  tunneling  distance.  From  this  equa¬ 
tion,  we  may  expect  an  isotope  effect  on  TLS's  relaxation,  and 
hence  on  the  dephasing  of  the  optical  impurity.  Because  hydrogen 
is  the  lightest  atom  and  most  likely  to  tunnel  in  a  usual  organic 


FA5-2  /  151 


syste-n,  the  deuteration  of  the  organic  amorphous  host  may  result 

in  the  suppression  of  the  dephasing.  We  show  that  this  is  really 

the  case  for  polyvinylalcohoKPVA)  doped  with  an  ionic  porphyrin. 

In  order  to  estimate  the  effect  of  the  deuteration  on  the 

dephasing  rate,  we  compared  the  linewidths  of  zero  phonon  holes 

burned  in  PVA  and  deuterated  PVACd^-PVA,  see  Fig.l)  doped  with 

tetrasodium  tetrasulfonatophenylporphin  (TSPP,  see  Fig. 2)  between 

3)4) 

20K  and  84K.  As  we  reported  previously  ,  zero  phonon  holes  can 

be  burned  in  TSPP-doped  PVA  at  relatively  wide  temperature  range, 

which  is  a  consequence  of  weak  temperature  dependence  of  the 

5 ) 

Debye-Waller  factor  in  this  kind  of  materials 

The  photochemical  holes  were  burned  in  the  Q  band  of  the 

samples  with  a  CW  ring  dye  laser.  The  laser  power  density  was 
2 

0.6mW/cm  and  the  irradiation  time  was  adjusted  so  as  to  burn  a 
hole  whose  depth  was  less  than  10%  of  the  initial  optical  den¬ 
sity.  The  linewidths  of  the  holes  were  measured  by  conventional 
transmission  spectroscopy  with  Im  single  monochromator. 

The  results  are  shown  in  Fig. 3.  We  found  that  the  deuteration 
brought  about  a  decrease  of  the  linewidth  by  30  to  50%.  Since  the 
dephasing  rate  is  proportional  to  the  width  of  the  zero  phonon 
hole,  we  can  conclude  that  the  deuteration  of  the  host  polymer 
results  in  the  suppression  of  the  dephasing  as  was  expected. 
Besides,  we  also  found  that  the  width  r  depends  on  temperature  T 
as 

r^T^  a=1.7  (2) 
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for  both  samples,  which  is  consistent  with  the  temperature  depen¬ 
dence  of  the  dephasing  rate  determined  by  photon  echo  experiment 

5 ) 

for  a  similar  material  system 
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Fig.l  Chemical  structures  of  (a)  PVA 
and  (b)  deuterated  PVA  (d^-PVA). 
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Fig. 2  Chemical  structure  of  TSPP. 
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Fig. 3  Temperature  dependence  of  the  full 
width  at  half  maximum  of  zero  phonon  hole. 
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Photochemical  Hole  Burning  (PHB)  has  attracted 
considerable  interest  not  only  as  a  tool  for  high  resolution 
spectroscopy  of  amorphous  solid  at  low  temperature  but  also 
as  a  possible  means  for  frequency-domain  high-density  optical 
storage.**  Many  recent  investigations  have  been  devoted  to  a 
photon-gated  mechanism  because  it  allows  nondestructive 
readout  in  utilizing  PHB  for  a  practical  optical  memory  system. 
The  mechanisms  of  previously  reported  photon-gated  PHB 
systems  are  two-step  photoionization,  photodecomposition,  and 
photoinduced  donor- acceptor  electron  transfer  reactions.*’ 

In  this  presentation,  we  report  the  first  observation  to 
our  knowledge  of  a  new  mechanism  for  photon-gated  PHB:  two- 

color  photosensitization  of  the  photoreactive  matrix  polymer 
that  involves  triplet-triplet  energy  transfer  process  from 

higher  excited  triplet  state  of  sensitizer  to  photoreactive 
energy  acceptor  groups.  The  present  system  consists  of  a  zinc 
9 , 18, 27, 36-tetra( 4-tolyl )-tetrabenzoporphine  (ZnTTBP),  and  a 
glycidyl  azide  polymer  (GAP)  cross-linked  with  trimethylol 
propane  and  isophorone  di isocyanate. 

Fig.l  illustrates  the  schematic  energy  diagram  and  the 
most  probable  mechanism  for  the  observed  photon-gated  PHB. 

The  site-selection  light  (CW  DCM  dye  laser,  at  the  wavelength 
of  1  1  )  and  the  gating  light  (Ar*  laser,  at  1  z  )  excite 
ZnTTBP  molecules,  the  energy  donor,  to  a  higher  excited 
triplet  state,  Tn  .  The  energy  of  the  Tn  is  transferred  from 
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ZnTTBP  to  a  nearby  azide  group  resulting  in  its  excitation  to 
the  lowest  triplet  state,  T,  .  The  excited  azide  group 

decomposes  and  generates  a  nitrogen  molecule  and  nitrene.  The 
decomposition  and  subsequent  reactions  induce  a  drastic 
change  in  the  interaction  between  the  ZnTTBP  molecules  and 
the  surrounding  matrix  and  causes  the  change  in  the  resonant 
frequencies  of  the  molecules  to  form  a  spectral  hole. 

Fig.  2  shows  typical  hole  profiles  burnt  by  two-color 
and  one-color  irradiations  at  20K.  Traces  (a),  (b),  and  (c) 
show  the  two-color  holes  formed  by  12sec,  36sec,  and  60sec 
irradiation,  respectively  with  the  intensities  of  38  u  W/cm^ 
at  A,  ,  and  8mW/cm^  at  A,  2  -  Trace  (d)  shows  the 

transmittance  after  300sec  irradiation  of  only  A.  1  with  the 
intensity  of  380u  W/cm* .  In  spite  of  the  total  irradiated 

energy  of  A,  i  is  50  times  larger  than  the  case  of  trace  (c), 
no  observable  hole  is  formed  in  trace  (d).  It  was  not  until 
600  sec  irradiation  that  one-color  hole  was  observed  in  our 
experiments  (shown  in  trace  (e)).  The  ratio  for  the  quantum 
efficiency  of  hole  formation  of  (a)  to  (e)  based  on  A.  1  is 
about  500.  Trace  (f)  shows  that  the  addition  A,  z  (8mW/cm*  ) 


Schematic  energy  diagram  and  the  most 
probable  mtH’hanism  Tor  f  he  observed  phof  on- 
gat  IMIH. 


Wavelength  * 


Fig. 2.  Hole  profiles  of  /.n'nHfVF.AF  system  for 
vari(»us  burning  etfrid  i  I  i  ons  .  (a),  (b),  and  (t*): 

?2s<‘C,  3bsec,  «ind  liOseo  j  rratf  i  a  t  i on  of  2 -col or 
(AH  g  W/c!n'  ut  \  .  and  HmW/em^  at  A  ?).  (d) 

an<l  (e):  AOOsec  and  tiOUsec  irradiation  of  A  1 
only  {3 HO  gW/(’m^).  (T):  2 -  color  (Ht)Os<‘c,  3H(J 

g  W/cm'  at  A  1  ar»d  HmW/cm''  at  A  ,*  )  . 
Serjsilivily  lor  the  trace  (f)  is  half  of  those 
r<ir  others. 
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to  A.  1  of  the  same  condition 
as  trace  (e)  formed  a  very  » 

deep  hole  (hole  depth:  34%).  | 

Fig. 3  shows  the  change  1 

<U 

in  the  transmittance  of  the 

I- 

whole  absorption  band  before 

(a)  and  after  (b.c)  a  long-  ^ 

a 

time  two-color  irradiation 

with  the  intensities  of 

75mW/cm*  both  at  A,  i  and  A.  2 
at  20K.  Trace  (b)  shows  that 
30min  irradiation  at  633nm 

formed  a  broad  hole  on  the 

Fig.  3.  Tran.smi  ss  ion  spootra  of*  the  whole 

longer-wavelength  side  of  the  absorption  banit  before  (a)  unti  after  (b.e) 

color  i  rratJ  i  a  t  ion  .  (b):  30min,  /bmW/ein^  l)OLh 

inhomogeneous  absorption  at  A.CH.tSr.m)  ami  \,(488,  SMt.m).  (c):  JUmm 

irrafliation  on  sampli)  (i)),  Vr>iiiW/em''  bulb  at  A  1 

band  and  an  anti-hole  on  the  toi’'"'")  A,(4mi.  sMnm). 

top  of  the  absorption  band.  Trace  (c)  of  the  transmission 
spectrum  after  further  30min  irradiation  at  the  top  of  the 
anti-hole  (627nm)  becomes  similar  to  the  initial  one  (trace 
(a))  and  the  area  of  the  absorption  band  is  unchanged.  In  the 
case  of  ZnTTBP-CHClj /PMMA  system,  which  shows  photon-gated 
PHB  by  electron  transfer  mechanism,'’  similar  experiment 
showed  that  30min  irradiation  of  A.  ■  and  A,  2  (both  38mW/cm^  ) 
made  the  whole  absorption  band  drastically  smaller.  These 
facts  indicate  that  ZnTTBP  molecules  themselves  do  not  change 
to  other  chemical  species  during  hole  formation  in  GAP. 

Photodecomposition  of  azide  is  sensitized  via  both 
singlet  and  triplet  states.^’  It  is  quite  reasonable  that  T^ 
of  ZnTTBP  that  has  much  higher  energy  than  T,  of  azide 
sensitizes  the  decomposition  of  GAP.  The  nitrene  generated 
by  the  decomposition  of  azide  group  has  high  reactivity  and 
undergoes  hydrogen  extraction,  addition,  insertion,  or  other 
reactions.*’  Though  the  type  of  reaction  of  nitrene  in  the 
present  case  is  not  yet  clear,  it  can  be  said  that  the 
triplet-triplet  energy  transfer  from  the  two-color-excited 


Wavclength/nm 
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ZnTTBP  molecules  to  the  nearby  azide  groups  occurs  and  that 
the  decomposition  of  the  azide  group  and  subsequent  reactions 
change  the  guest-host  interaction  leading  to  a  hole  formation: 


^  1  »  A.  2 


ZnTTBP  - 

- > 

ZnTTBP*  (T„  ) , 

(1) 

ZnTTBP* (T„)  +  -N3  - 

- > 

ZnTTBP  +  -N3  *  (T,  ) , 

(2) 

-Na* (T, )  - 

- > 

-N-  +  Na. 

(3) 

-N-  - 

- > 

hydrogen  extraction  etc.. 

(4) 

The  results  reported  here  is  expected  to  offer  a  new 
class  of  photon-gated  PHB  based  on  a  two-color  photo¬ 
sensitization  of  photoreactive  groups  via  triplet-triplet 
energy  transfer.  This  type  of  mechanism  has  a  great  advantage 
of  providing  a  large  variety  of  sensitizer  and  reactive  group 
pairs  and  of  expanding  the  kinds  of  chemical  reactions  which 
can  be  used  for  PHB.  The  photosensitization  mechanism  of  PHB 
by  using  photoreactive  matrix  polymers  also  provides  a  new 
possibility  of  measuring  PHB  spectra  of  various  dye  molecules 
with  high  efficiency  which  have  zero-phonon  line  but  do  not 
undergo  photochemical  reactions.  This  would  increase  the 
importance  of  PHB  spectroscopy  for  chemists  and  physicists  as 
well  as  the  expectation  to  utilize  PHB  for  frequency- domain 
optical  storage. 
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1 .Introduction 

Due  to  the  interest  in  the  frequency-domain  optical  storage  application, 
recent  researches  on  spectral  holeburning  concentrated  on  the  two-colour 
photon-gated  persistent  holeburning[1 ,2].  Some  organic  systems  have  been 
investigated  [3-7].  A  representative  one  is  TZT  as  a  donor  and  CHCI3  as  an 
acceptor  in  PW1A  film  undergoing  donor-acceptor  electron  transfer,  which 
offered  a  significant  mechanism  for  persistent  holeburning  in  organic  system 
[4,5].  But  there  is  an  insurmountable  problem  in  the  system.  As  CHCI3  is 
volatile  at  room  temperature,  its  concentration  can  not  be  controlled  and  the 
sample  is  difficult  to  further  study.  Here  we  report  the  holeburning  system 
composed  of  metal-tetrabenzoporphyrin  derivatives  (MTBP)  as  the  donors  and 
a  solid  electron  acceptor, p-hydroxybenzaldhyde  (PHBA),  which  can  easily  be 
made  into  a  stable  "dry"  film  and  in  which  the  concentration  of  each  component 
can  be  modified  easily. 

In  a  donor-acceptor  system,  AG,  the  equilibrium  free  energy  releasing 
during  electron  transfer  is  given  by  the  following  relation[8]: 

AG  =  F  [E(0,ox)  -  E(A,red)]  -  Ep  -  (1) 

Substituting  E(D,ox)  =  0.36  eV  (for  donor,  ZnTBP),  7^1=632. 8nm  and  7v2”532nm 
to  (1),  we  estimate  the  E(A,red)  value  to  select  acceptor.  On  one  hand,  it 
is  expected  that  electron  transfer  occurs  at  the  state  excited  by  two-colour 
photons  (AG  <  0).  So  we  got  the  lowest  limit  of  the  reduction  potential,  -3.51 
eV.  The  more  easily  the  acceptor  is  reduced,  the  stronger  the  driving  force 
of  the  electron  transfer  is.  On  the  other  hand,  we  expect  the  donor-acceptor 
pair  not  undergoing  electron  transfer  under  one-colour  excitation  (AG>0). 
So  we  get  the  highest  limit  of  the  reduction  potential,  -1.6eV.  If  E(A,red) 
is  larger  than  -1.6  eV,  electron  transfer  will  occurs  at  a  lower  state  excited 
by  A-i  only.  According  to  this  estimation,  we  chose  PHBA  [  E(A,red)=-1 .61eV 
]  as  an  electron  acceptor.  We  have  observed  two-colour  photon-gated  holes  at 
4.2K  and  20K  in  our  samples  with  the  excitation  of  the  selecting  light  (  A-) 

)  near  630nm  and  gating  light  (A2  )  af  532nm  or  514. 5nm. 

2.  Experiments 

Four  kinds  of  MTBP,  Zn-tetraphenyl- 
benzoporphyr i n ,  Mg-tetrabenzophenyl - 
porphyrin,  Zn-tetranaphthalenebenzo- 
porphyrin,  Zn-tetratolylbenzoporphyrin 
were  synthesized,  and  PHBA  was  commer¬ 
cially  obtained.  Four  kinds  of  film 
samples  were  prepared  by  the  means 
of  dissolution  and  evaporation  at  room 
temperature.  Experiments  have  been 
done  for  each  sample,  but  our  discus¬ 
sion  will  focus  on  the  representive 
sample  1,  Zn-tetraphenylbenzo- 
porphyrin/PHBA/PMMA.  The  absorption 
spectra  of  each  sample  were  examined. 
Fig.1  shows  the 


Fig.l  So —  S|  absorption  band  of 
ZnTPBP/PHBA/PMMA  at  20K. 
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absorption  band  of  Sq-'-Si  transition  in  sample  1  whose  inhomogeneous  line 
width  is  about  700  cm"^  with  the  peak  position  at  630nm.  At  4  2K  and  20K, 
holes  were  burnt  at  the  positions  indicated  by  arrows  in  Fig.1.  To  burn  gated 
holes,  we  simultaneously  expose  the  samples  to  two  lasers,  one  is  selecting 
light  A-)  and  the  other  is  gating  light  ^2-  The  detection  of  the  holes  was  per¬ 
formed  by  monitoring  the  transmission.  Temperature-cycling  experiments  were 
performed  between  20K  and  60K,  and  thermal  erasing  was  observed. 


Fig. 2  Photon-gated  PHB  in  ZnTPBP/ 
PHBA/PMMA  system  at  4.2K. 


3.  Results  and  Discussions 

A  hole  was  burnt  at  4  2K  (Fig. 2) 
with  Al  =  630nm,  Pi  =  32uW  and  A2 
=  514. 5nm,  P2  =  8mW,  the  diameter  of 
laser  spot  was  about  5mm  and  burning 
time  t  =  100s.  The  full  width  at  half 
maximum  of  the  hole  ( r* )  is  8GH2 
=  0.27cm"”l  The  hole  depth  was  defined 
as: 

=  Lc^cLf'.  ^T/ji  (2) 

where  is  the  difference  of  the 

absorption  coefficients  at  the  burning 
frequency  before  and  after  burning, 

L  is  the  sample  thickness,  and 
is  the  relative  change  of  transmit¬ 
tance  at  the  burning  position.  From 
(2)  and  Fig. 2,  we  got  the  hole  depth 
d  =  2.5%. 


of  the 
of  the 


For  hole  burning  material  applied  to  optical  storage,  ^:/^^^is  one 
essential  parameters  affecting  the  storage  density.  n  /Hv  =  2600 
sample  1  is  rather  high  among  the  organic  systems  yet  reported. 

Fig. 3  shows  the  gating  effect  of 
the  second  photon,  7^2*  Trace  (a)  gives 
the  transmission  after  15s  irradiation 
with  only  Ai  ^  15663. 5cm-1  and  power 
Pl  =  lOOuW;  no  observable  hole  was 
formed.  Trace  (b)  shows  a  hole  with 
depth  d  =  1.6%  and  width  Ph  ^  6cm"^ 
burnt  by  simultaneously  irradiating 
both  Ai  =  15663.5cm"’'  with  the  same 
power  as  in  trace  (a)  and  A2  =  532nm 

with  power  P2  ■  26mW  for  15s.  Here 
we  can  see  the  gating  effect  is 
obvious. 

We  expect  that  photon-gated  hole¬ 
burning  in  our  materials  has  the  same 
mechanism  as  that  in  reference  [5]: 


MTBP  +  PHBA  - - MTBP'^  +  PHBA"  (3) 


Xi 


Fig. 3  Gating  effect  of  second  photon 
in  ZnTPBP/PHBA/PMMA  system  at 
20K. 

A  MTBP  molecule  is  excited  byTV-i  from  the  ground  state  Sq  to 
singlet  excited  state  Si  where  tne  intersystem  crossing  to  the 
state  Ti  occurs  with  a  high  yield.  Then  A2  excited  the  molecules 
higher  triplet  states  Tp  where  electrons  are  ejected  from 
by  PHBA  Thus  a  persistent  hole  was  formed.  If  absent. 


the  first 
lowest  triplet 
at  Ti  to 
MTBP  and  trapped 
the  excited 


160  /  FA7-3 


electrons  of  MTBP  molecules  will  transit  to  Sq  from  Ti  by  intersystem  cross¬ 
ing  and  no  persistent  hole  will  be  formed. 

For  the  gating  effect  is  related  to  T — T  absorption  so  the  most  effi¬ 
cient  wavelength  of  the  gating  light  locates  at  the  peak  position  of  the  T — T 
absorption  band,  480nm  for  ZnTPBP[9].  Restricted  by  the  experiment  apparatus 
gating  light  we  used,  532nm  or  514. 5nm,  is  not  rather  efficient  for  burning. 

In  the  material  system,  it  is  very  important  to  select  an  electron  accep¬ 
tor  with  suitable  reduction  potential  matching  our  electron  donor  mentioned 
in  section  1.  We  prepared  a  sample  whose  ingredients  are  the  same  as  that  in 
sample  1,  but  lacking  PHBA.  No  hole  was  observed  under  the  same  condition  as 
that  in  Fig. 3  (b).  It  indicates  that  our  sample  is  the  DA-ET  system 


15600  Position  [wn’ 


To  study  the  interaction  between 
the  holes  in  a  wide  inhomogeneous 
absorption  band, we  burnt  four  holes 
at  different  positions  as  shown  in 
Fig. 4.  In  all  cases,  P')=100uW;  A2=532 
nm,  P2=26mW;  t=15s.  Ty\  was  changed 
in  the  order  of  the  numbers  in  Fig. 4, 
It  shows  that  four  holes  are  nearly 
identical  in  hole  depth  and  width 
and  no  antihole  formed.  Thus  we  can 
get  the  following  conclusion:  two  near¬ 
by  holes  are  distingushable  and  do 
not  affect  each  other  when  their  dis 
tance  in  wavenumber  is  not  smaller 


Fig. 4  Multiholes  burnt  in  the  order 
of  the  numbers  under  the  same 
condition  at  20K . 
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Fig. 5  Thermal  cycling  of  a  photon- 
gated  hole  at  632. 8nm. 


than  2.4  times  of  hole  width  such  as 
position  3,4  in  Fig. 4;  when  holebuning 
at  position  3  was  followed  by  hole¬ 
burning  at  position  4  formation  of 
hole  4  did  not  bring  about  the  erasing 
of  the  hole  3. 

In  Fig.5(ai,  we  burnt  a  considera- 
blely  deep  hole  with  He-Ne  laser 
(632. 8nm)  and  YAG  laser(532nm)  at  20K, 
rh=5cm-T  d=14%.  After  burning,  we 
raised  the  temperature  of  the  sample 
in  a  cryostat  slowly  and  detected  the 
hole  at  30K,  40K,  50K  and  60K  as  curves 
(b),(c),(d),(e)  in  Fig. 5  respectively, 
then  cooled  the  sample  back  to  20K 
and  detected  the  hole  as  curve  (f) 
in  Fig, 5.  The  hole  was  erased  by 
heating  and  not  detectable  at  60K. 

A  small  part  of  the  hole  recovered 
after  the  thermal  cycling. 

In  summary,  we  report  only  results 
on  sample  1  here,  while  we  have  gotten 
the  agreeable  results  on  our  other 
samples.  Detailed  researches  on  related 
problems  such  as  the  exact  process 
of  the  hole  formation,  light  erasing, 
effect  of  matching  between  donor  and 
acceptor  energy  levels  are  in  progress. 
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The  ultimate  memory  device  would  be  one  in  which  a  bit  of  data  is  stored  in  every 
atom  or  molecule  within  a  storage  material.  Such  a  memory  would  have  an  incredible 
storage  capacity  of  somewhere  in  the  range  of  10^^  bits/cm^  Traditional  optical  memories, 
whether  two-  or  three-dimensional,  can  never  hope  to  achieve  atomic-level  storage  densities 
for  the  simple  reason  that  minimally  sized  storage  cells  always  have  edge  dimensions  on  the 
order  of  or  larger  than  the  wavelength  of  light  employed.  In  the  case  of  visible  light,  cubic 
wavelength  scale  storage  volumes  contain  billions  of  atoms. 

A  new  class  of  optical  memories  has  recently  been  proposed  [1-4]  which  holds  the 
promise  of  making  near  atomic-level  data  storage  a  reality.  This  approach  to  storage, 
generically  referred  to  as  frequency-selective  optical  data  storage,  works  by  addressing  atoms 
spectrally  as  well  as  spatially.  It  turns  out  that  the  constituent  atoms/molecules  within  many 
materials  display  spectrally  narrow  resonances  (with  a  width  referred  to  as  Afjj),  and  that  the 
resonances  of  individual  atoms/molecules  are  spread  throughout  a  rather  broad  frequency 
range  (referred  to  as  Afj).  Thus  atoms  located  within  a  minimally  sized  spatial  volume  can 
be  subdivided  and  hence  addressed  on  the  basis  of  their  frequencies.  In  some  materials,  up 
to  Afj/Affj  »  10^  frequency  subdivisions  can  be  made,  making  it  possible  to  subdivide  the 
billions  of  atoms/molecules  within  a  minimally  sized  spatial  storage  volume  into  separately 
addressable  groups  containing  only  a  few  hundred  atoms  each.  The  atoms/molecules 
belonging  to  each  spectral  group  are  generally  positioned  randomly  throughout  the  spatially 
addressed  storage  volume  with  which  they  are  associated. 

Frequency-selective  approaches  to  optical  data  storage  can  be  divided  into  two  types 
both  of  which  can  in  principle  achieve  the  same  ultimate  storage  density.  In  one  type 
(referred  to  here  as  directly  addressed  [1,2]),  lasers  involved  in  the  storage  and  retrieval 
process  must  be  frequency  shifted  to  address  and  mark  each  of  the  spectrally  distinguishable 
subgroups  of  atoms/molecules.  Within  a  spectral  storage  channel,  an  on  bit  is  represented 
through  a  write-induced  change  in  the  absorptivity  of  the  storage  material.  The  drawbacks 
associated  with  this  approach  to  frequency  selective  memory  follow  from  the  need  to  rapidly 
tune  the  read  and  write  lasers  to  specific  absolute  frequencies.  Also,  it  follows  from 
fundamental  physics  that  a  spectral  storage  channel  of  width  Afj^  cannot  be  individually 
accessed  in  a  time  shorter  than  about  Afjj'^.  This  fact  limits  the  input/output  rate  of  directly 
addressed  frequency-selective  optical  memories  to  about  Afj,  bits/sec.  In  the  other  type  of 
frequency-selective  memory  (referred  to  here  as  temporally  addressed  [4-10]),  writing  is 
accomplished  with  a  laser  of  fixed  carrier  frequency  that  is  amplitude  or  frequency 
modulated  so  as  to  encode  a  string  of  bits  onto  its  temporal  envelope.  The  maximum 
permissible  modulation  rate  is  material  dependent  and  is  given  by  Afj.  Each  spatially 


FBI -2  /  165 


addressable  volume  of  the  storage  material  is  exposed  to  the  writing  laser  for  a  time  that 
can  be  as  long  as  Af^'^  During  this  time  Af^/Afh  bits,  one  for  each  available  spectral 
channel,  can  be  encoded  and  stored.  Note  that  the  storage  of  all  these  bits  occurs  in  a 
temporal  interval  equal  to  that  required  to  store  a  single  bit  in  the  direct  addressing  scheme 
described  above.  In  temporally  addressed  frequency-selective  storage,  the  Fourier  spectrum 
of  the  bit  stream  is  recorded  in  the  spectral  channels  of  the  storage  material  and  all  spectral 
channels  are  written  in  parallel.  The  Fourier  spectrum  is  represented  through  frequency- 
dependent  changes  in  the  storage  material’s  absorption  profile.  The  parallelism  implicit  in 
temporal  addressing  endows  it  with  a  potential  factor  of  Afy  Af^  speed  advantage  over  direct 
addressing.  With  temporal  addressing,  input/output  must  occur  at  a  rate  of  Afj  bits/sec  in 
order  to  utilize  the  full  storage  potential  of  a  given  material.  In  cases  where,  Af;  exceeds 
obtainable  input/output  rates,  only  Af^^/Af^  bits,  where  Af^^  is  the  maximum  achievable 
input/output  rate,  can  be  stored  using  the  simple  temporal  addressing  scheme  discussed 
here.  Temporally  addressed  data  is  recalled  by  stimulating  the  storage  material  to  emit  a 
coherent  optical  signal  having  the  same  duration  and  temporal  envelope  as  the  stored  bit 
stream.  Write-induced  changes  in  the  storage  material’s  spectral  absorption  profile  are 
never  directly  observed.  Hybrid  approaches  utilizing  both  direct  and  temporal  addressing 
may  avoid  many  of  the  limitations  of  either  approach  considered  separately.  We  note  that 
variations  of  the  temporal  addressing  scheme  can  be  employed  in  the  storage  of  holographic 
movies  [4],  delayed  phase  conjugation  of  images  [11],  and  in  the  convolution  and  cross¬ 
correlation  of  temporal  [12]  or  spatial  [13]  waveforms. 

In  the  following,  we  give  further  details  concerning  the  temporal  addressing  approach 
to  frequency  selective  optical  data  storage.  The  direct  addressing  approach  has  been 
discussed  extensively  elsewhere  [2,3]. 


Figure  la 


Figure  lb 
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We  assume  that  the  storage  material  is  three-dimensional  and  contains  active 
atoms/molecules  that  are  modified  so  as  to  change  their  absorptivity  in  the  data  storage 
process.  In  materials  studied  to  date,  the  active  species  has  constituted  anywhere  from  a 
fraction  of  one  percent  to  nearly  the  entire  bulk  of  the  storage  material.  One  highly 
favorable  arrangement  of  internal  energy  levels  for  the  active  atoms/molecules  is  shown  in 
Fig.  la.  In  this  case,  the  ground  state  consists  of  a  single  level  lacking  nearly  degenerate 
subcomponents,  and  the  write/read  transition  exhibits  strong  inhomogeneous  broadening. 
Inhomogeneous  broadening  of  the  read /write  transition  implies  (see  Fig.  lb)  that  individual 
active  atoms/molecules  within  the  material  are  distributed  in  frequency  over  an  interval 
large  compared  to  the  their  individual  spectral  response  widths.  Illumination  of  the  material 
at  the  gating  transition  frequency  transfers  atomic/molecular  population  residing  in  excited 
state  1  to  excited  state  2.  Once  in  excited  state  2,  a  large  fraction  of  the  population  decays 
by  spontaneous  processes  to  the  alternate  ground  state.  The  alternate  ground  state  may  be 
the  ground  state  of  a  photochemically  altered  species  or,  in  the  case  of  atoms,  a  low-lying 
and  long-lived  state.  Ultimate  storage  times  cannot  be  greater  than  the  time  required  for 
population  in  the  alternate  ground  state  to  relax  back  to  the  ground  state. 

The  generic  level  configuration  just  described  may  also  be  suitable  for  directly 
addressed  frequency-selective  optical  memories.  Generally  speaking,  to  realize  a  memory 
with  a  fixed  number  of  spectral  channels,  direct  (temporal)  addressing  is  to  be  preferred  in 
the  case  of  materials  with  large  (small)  values  of  Af^.  In  the  case  of  larger  Af^,  the  intrinsic 
speed  of  direct  addressing  memories  improves  and  difficulties  associated  with  precise  laser 
frequency  control  are  eased.  Conversely,  in  the  temporal  addressing  case,  large  values  of 
A4  necessitate  large  (eventually  impossibly  large)  input/output  bit  rates.  TTie  input/output 
rate  must  be  at  least  times  Af^,  where  denotes  the  number  of  bits  to  be  stored  in  a 
given  spatial  storage  location.  As  discussed  above,  an  upper  limit  on  Nj,  is  set  by  the  need 
to  keep  the  input/output  rate  less  than  Afj. 

A  simple  configuration  for  a  temporally  addressed  memory  is  shown  in  Fig.  2.  In  this 
case,  the  storage  material  is  in  the  form  of  a  disk  so  that  its  spatial  storage  channels  can  be 
addressed  as  in  traditional  optical  memories.  Within  the  one  spatial  storage  cell  shown  in 
Fig.  2,  multiple  bits  corresponding  to  the  number  of  spectral  channels  available  are  written. 
The  thickness  of  the  storage  material  and/or  the  concentration  of  active  atoms/molecules 
within  it  is  be  adjusted  so  that  a  weak  input  beam  is  attenuated  by  approximately  50  percent 
as  the  beam  passes  through  the  storage  material.  Fulfillment  of  this  condition  allows  for 
output  signals  of  optimal  size  relative  to  the  input  beams.  Two  pulses  are  involved  in  the 
storage  of  a  bit  stream  in  a  single  spatial  storage  cell  (see  Fig.  3).  The  first  pulse,  referred 
to  here  as  the  preparation  pulse,  excites  the  active  atoms/molecules  into  a  superposition 
state  involving  the  ground  state  and  excited  state  1.  The  intensity  of  this  pulse  should  be 
adjusted  so  that  it  transfers  roughly  half  of  the  ground  state  atoms  within  its  bandwidth  to 
excited  state.  The  preparation  pulse  may  be  temporally  short  compared  to  the  bandwidth 
of  the  bit  stream  to  be  stored,  or  it  may  be  longer  and  swept  in  frequency  across  the 
bandwidth  of  the  bit  stream.  The  second  (data)  pulse  consists  of  the  actual  bit  stream  to 
be  stored.  Its  intensity,  like  that  of  the  preparation  pulse,  should  be  adjusted  so  that  it 
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would  by  itself  transfer  approximately  half  of 
the  population  in  the  ground  state  and  within 
its  bandwidth  to  excited  state  1.  The  central 
frequency  of  both  storage  pulses  should  lie 
within  the  inhomogeneous  absorption  profile  of 
the  storage  material.  The  total  temporal 
interval  between  the  start  of  the  preparation 
pulse  and  the  end  of  the  data  pulse  should  be 
less  than  approximately  Af^'^  The  combined 
action  of  the  preparation  and  data  pulses  acts 
to  record  the  Fourier  transform  of  the  data 
pulse  as  a  feature  of  the  absorption  profile  of 
the  storage  material.  If  the  preparation  pulse 
is  not  short,  the  transform  is  recorded  in  a 
complex  form. 

Immediately  following  the  writing 
sequence,  the  bit  stream  is  stored  in 
complementary  frequency-dependent 

population  distributions  in  the  ground  state  and 
in  excited  state  1.  If  excited  state  1  decays 
exclusively  to  the  ground  state,  the  stored 
information  will  disappear  over  the  lifetime  of 
excited  state  1.  For  the  information  to  be 
retained,  the  excited  state  population  must  be 
prevented  from  recombining  with  the 
population  in  the  ground  state.  In  some 
materials,  the  ground  state  contains  sublevels 
and  the  excited  state  decays  back  to  them  in  a 
way  which  differs  from  the  way  in  which  the 
writing  pulses  depopulate  them.  In  these  cases, 
information  can  be  retained  as  a  frequency 
dependent  non-thermal  distribution  of 
population  among  the  ground  state  sublevels 
[6,8].  In  the  level  scheme  shown  in  Fig.  1,  long 
term  data  storage  is  achieved  by  applying  a 
gating  pulse,  resonant  with  the  transition 
between  excited  states  1  and  2,  following  the 
writing  pulses  and  before  excited  state  1  decays.  If  excited  state  2  decays  primarily  to  the 
alternate  ground  state,  the  complementary  populations  created  during  the  storage  sequence 
will  be  prevented  from  recombining  over  the  ground  state  -  alternate  ground  state 
thermalization  time.  The  use  of  a  gating  pulse  is  also  important  because  it  allows  the  read 
function  to  be  non-destructive  [3]. 


Figure2 
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The  recall  sequence  consists  of  an  input  read  pulse  followed  by  a  signal  pulse.  The 
read  pulse  must  be  essentially  identical  to  the  preparation  pulse;  however,  it  may  in 
principle  be  resonant  with  a  transition  coupling  the  ground  state  with  another  excited  state. 
In  cases  studied  to  date,  the  read  pulse  and  the  preparation  pulse  have  been  resonant  with 
the  same  transition.  If  a  second  transition  is  to  be  employed,  its  inhomogeneous  broadening 
must  be  correlated  with  the  inhomogeneous  broadening  of  the  transition  used  in  the  writing 
sequence.  The  read  pulse  stimulates  the  storage  material  to  emit  a  signal  pulse  having  the 
same  temporal  envelope  as  the  data  pulse.  The  signal  pulse  is  a  coherently  emitted  signal, 
and  as  such  it  is  highly  directional.  If  all  input  pulses  are  collinear  (Fig.  2),  the  signal  pulse 
will  have  directional  properties  essentially  identical  to  the  data  pulse.  In  general,  the 
wavevector  of  the  signal  pulse  will  be  related  to  the  wavevectors  of  the  input  pulses 
according  to 

where  kp,  kj,  Iq.,  and  k^  represent  the  wavevectors  of  the  preparation,  data,  read,  and  signal 
pulses,  respectively.  To  maximize  the  intensity  of  the  signal  pulse,  the  process  must  be 
phase  matched,  i.  e.  the  input  pulse  directions  must  be  arranged  so  that  the  magnitude  of 
kj  from  the  equation  above  is  equal  to  n<i>j./c,  where  n  is  the  index  of  refraction  of  the 
storage  material,  is  the  frequency  of  the  signal  pulse,  and  c  is  the  speed  of  light.  Under 
ideal  conditions,  the  number  of  photons  emitted  in  the  signal  pulse  will  be  about  1/100  of 
the  number  of  active  atoms/molecules  in  the  spatial  storage  cell,  and  the  intensity  of  the 
signal  pulse  will  be  about  1/100  of  the  intensity  of  the  data  pulse. 

Temporally  addressed  frequency-selective  optical  data  storage  has  been  demonstrated 
in  the  laboratory  [5,6,8,10],  and  the  basic  optical  physics  related  to  the  storage  and  retrieval 
process  is  now  well  understood.  The  question  of  whether  this  form  of  memory  will  ever  find 
significant  application  will  depend  primarily  on  the  success  or  failure  of  attempts  to  find 
suitable  storage  materials.  All  long  term  storage  materials  demonstrated  to  date  are  useful 
only  when  cooled  to  near  liquid  helium  temperatures  (4  K)  in  order  to  make  Af^  reasonably 
small.  While  this  situation  is  unlikely  to  change,  the  enormous  potential  speed  and  capacity 
of  temporally  addressed  frequency-selective  optical  memories  should  more  than  justify  the 
relatively  minor  costs  associated  with  cooling.  Materials  exhibiting  the  ideal  level  system 
shown  in  Fig.  1  have  not  yet  been  found.  This  is  not  particularly  surprising  nor  discouraging 
since  workers  to  date  have  concentrated  on  understanding  the  storage  process  itself.  True 
materials  limitations  will  only  become  apparent  when  materials  experts  become  acquainted 
with  the  system  needs  discussed  here  and  have  a  chance  to  apply  their  knowledge  to  the 
problem.  If  an  ideal  material  is  found,  near  atomic  scale  memories  with  storage  densities 
up  to  10’'*  -  lO’*  bits/cm^  and  input/output  rates  in  the  multigigahertz  range  may  become 
achievable. 
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Time-domain  optical  data  storage 
using  Eu^'*'  ions  in  crystals 

Masaharu  Mitsunaga 
NTT  Basic  Research  Laboratories 
Musashino-shi,  Tokyo  180,  Japan 

The  photon-echo  memory [1],  or  the  time-domain  optical  data  storage,  resembles  the 
hole-burning  memory[2]  in  that  the  inhomogeneous  absorption  line  of  a  material  is  employed 
as  a  storage  medium  and  the  information  is  stored  in  it  as  a  frequency-dependent  absorption 
change  with  the  resolution  determined  by  the  homogeneous  width.  Having  the  common 
memory  capacity  N  given  by  the  inhomogeneous-to-homogeneous  width  ratio,  both  types 
of  memories  share  common  problems  like  hw-temperature  operation,  spectral  diffusion  and 
so  on.  Although  a  storage  medium  is  common,  storage  techniques  are  definitely  different 
for  the  two  memories.  The  photon-echo  memory  utilizes  the  temporal  interference  effect 
between  a  reference  pulse  and  a  data  pulse  and  their  interference  pattern  is  stored  as  a 
population  grating  in  the  frequency  domain.  In  this  sense  this  is  a  time-domain  analog  of 
holography  where  the  spatial  interference  pattern  between  a  reference  beam  and  a  data  beam 
is  stored  in  a  medium  as  a  population  grating  in  the  real  space.  Like  the  spatially  diffracted 
beam  from  the  read  beam  gives  the  information  stored  in  the  hologram,  the  “temporally 
diffracted  pulse”,  or  the  photon  echo,  after  the  read  pulse  can  give  the  information  stored  in 
the  inhomogeneous  distribution. 

Due  to  this  interference  effect,  the  holography  and  the  photon-echo  memory  store  the 
quantity  S^£d  where  Sn  and  Sq  denote  the  amplitudes  of  the  reference  beam  and  the  data 


FB2-2  /  171 


beam,  respectively,  wliereas  the  ordinary  optical  memory  and  tlie  hole-burning  memory 
store  In  this  resjject,  one  ma\’  call  ordinary  optical  memory  and  hole-burning  memory 

incoherent-type  memories  and  holography  and  photon-echo  m<'mory  coherent-type  memories. 

Some  advantages  of  coherent-type  memories  over  incoherent-type  memories  can  be 
summarized  as  follows;  1)  optical  amplitude  storage  (including  phase)  instead  of  intensity 
storage,  2)  simultaneous  retrieval  of  multiple-bit  information,  3)  immunity  from  defect  (The 
amount  of  information  is  not  affected  by  the  defect  in  the  storage  medium.  Only  the  signal 
intensity  is  reduced.)  4)  application  to  spatial  or  temporal  phase  conjugation,  and  5)  ability 
of  signal  processing. 

We  have  been  investigating  the  feasibility  of  time-domain  optical  data  storage  using 
photon-echo  techniciue  in  rare-earth  ions,  especially  Eu'^'*‘,  in  crystals  such  as  YAIO3  and 
¥28105.  Among  rare-earth  ions,  Eu  ions  show  1)  ultralong  dephasing  time  (>  100  /.fs)[3]  or 
ultranarrow  homogeneous  width  (<  1  kHz),  2)  inhomogeneous  width  of  ~  10  GHz  which, 
combining  with  the  homogenc'ous  width,  gives  the  memory  capacity  A’  ~  10^,  3)  long  storage 
time  (~  hours)  4)  small  photon  echo  envelope  modulation.  These  properties  make  the  Eu- 
doped  crystal  a  perfect  sample  in  investigating  the  time-domain  data  storage. 

So  far  we  have  achieved  a  24S-bit  temporal  data  storage  using  cw  photon  echo  tech- 
ni(iue[4,.3]  and  also  bit-by-bit  storage  techni(|ue[6].  The  stored  information  could  be  retrieved 
by  the  read  pulse  and  the  input  data  was  reproduced  witlunit  any  error.  Storage  time  of 
well  above  1  hour  was  confirmed. 

Instead  of  writing  and  reading  the  information  in  the  same  domain,  time-domain  or 
frequency-domain,  an  alternative  approach  may  be  to  write  in  the  frequency  domain  and 
read  in  the  time  domain.  This  is  called  spectrally  programmed  stimulated  photon  echo[7]. 
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By  using  a  single-frequency  tunable  cw  laser,  one  can  burn  in  the  inhomogeneous  line  any 
desired  hole  pattern  by  frequency-scanning  and  intensity-modulating  the  laser.  One  can 
then  apply  a  pulsed  laser  to  obtain  a  coherent  transient  response  as  a  Fourier  transform 
of  whatever  is  programmed  in  the  inhomogeneous  line.  Aside  from  a  memory  device,  this 
system  can  be  regarded  as  an  all-optical  function  generator  that  produces  any  desired  pulse 
shape  (or  pulse  train).  Since  only  a  small  spotsize  is  needed  for  this  experiment,  several 
thousand  different  pulseshapes  (or  temporal  data)  can  be  generated  by  one  crystal. 
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INCOHERENT  LIGHT  READ-OUT  OF  SPECTRAL  HOLOGRAMS 

A.  Debarre,  J.-C.  Keller,  J.-L.  Le  Gouet,  and  P.  Tchenio 
Laboratoire  Aime  Cotton,  C.N.R.S. II,  Batiment  505,  91405  Orsay  Cedex 

It  is  known  that  one  has  investigated  two  types  of  approach  to  Persistent 
Spectral  Hole  Burning  (PHB),  and  to  potential  application  for  optical  data 
storage.  In  both  methods,  a  structure  is  stored  within  the  inhomogeneously 
broadened  optical  absorption  line  of  the  guest  ions  or  molecules  in  a  host 
matrix  at  low  temperature. 

In  the  first  method,  monochromatic  laser  irradiation  results  in  the 
reduction  of  the  sample  absorption  coefficient  at  a  given  frequency.  The  burnt 

spectral  hole  is  then  detected  by  monitoring  the  transmission  of  the  laser 

beam  when  its  f requency  is  scanned  over  the  absorption  band.  In  view  of 
application  to  optical  data  storage,  spectral  hole  burning  can  be  regarded  as 

the  physical  process  for  addressing  a  bit  of  binary  encoded  information  at  a 
given  position  within  the  absorption  band.  The  maximum  number  of  independent 
addresses  in  the  absorption  band  is  given  by  the  ratio  between  the 

inhomogeneous  width  A  and  the  homogeneous  width  A  of  the  optical  transition. 

I  h 

The  other  PHB  method  belongs  to  coherent  transient  spectroscopy.  It  is 
derived  from  Stimulated  or  three-pulse  Photon  Echo  (SPE).  Interaction  with  the 
first  two  pulses  engraves  a  sinusoidal  modulation  in  the  absorption  band.  This 
hologram-type  structure  spreads  over  all  the  inhomogeneous  width.  Its  period 
equals  the  inverse  time  separation  between  the  first  two  pulses.  The  third 

pulse  of  the  SPE  sequence  acts  as  a  probe.  It  gives  rise  to  an  emission  which 
is  the  frequency-to-time  Fourier  transform  of  the  engraved  spectral  hologram. 
The  duration  of  this  emission  is  given  by  the  inverse  inhomogeneous  width  smd 
its  delay  with  regard  to  illumination  by  the  probe  equals  the  inverse  period 
of  the  hologram.  In  conventional  PHB,  holes  can  be  burnt  at  different 
locations  in  the  absorption  band.  In  a  similar  way,  holograms  with  different 
periods  can  be  stored  together.  When  probed  by  a  single  pulse,  the  sample 
radiates  a  train  of  bursts  of  light.  Each  burst  originates  from  a  definite 

spectral  hologram.  In  a  sample  of  dye  molecules  embedded  in  a  polymer  host, 

the  inverse  inhomogeneous  width  is  usually  as  short  as  100  fs.  This  is  the 
minimum  duration  of  the  light  bursts,  and  this  is  the  time  resolution  which 

has  to  be  attained  in  signal  emission  triggering  and  in  signal  detection,  in 
order  to  take  advantage  of  the  storage  capabilities  of  the  sample.  Two 
requirements  have  to  be  met.  The  first  one  is  to  produce  probe  laser  pulses  in 
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the  femtosecond  range.  The  second  one  is  to  keep  a  lOOfs  resolution  all  along 
the  signal  processing.  Fulfilment  of  this  latter  condition  is  presently  out  of 
reach  of  electronic  systems.  It  can  be  circumvented  by  using  an  optical 
sampling  technique  such  as  cross-correlation  between  the  signal  and  a 
reference  pulse.  Then  the  hologram  structure  is  probed  repetitively  and  the 
signal  is  analyzed  point  after  point  as  a  function  of  the  time  interval  since 
illumination  by  the  probe.  When  intensity  cross-correlation  is  used,  the  time 
resolution  is  limited  by  the  duration  of  the  probe  and  of  the  reference  111. 

Since  fast  sampling  is  compatible  with  slow  detectors,  the  necessity  of  using 
so  short  pulses  has  to  be  questioned.  As  a  matter  of  fact,  probing  by  long 
duration  broadband  pulses  and  sampling  by  field  cross-correlation  is  enough  to 
gain  the  required  short  time  resolution,  which  is  then  determined  by  the 
coherence  time  of  the  light  and  not  by  the  pulse  duration.  Signal  analysis  by 
field  cross-correlation  has  already  been  achieved  [2]  using  heterodyne 
detection.  The  signal  amplitude  depends  upon  the  the  phase  shift  between  the 
signal  and  the  reference.  The  optical  paths  of  these  pulses  have  thus  to  be 
controlled  with  interferometric  precision. 

We  report  on  the  retrieval  of  optically  stored  spectral  holograms.  The 
sampling  analysis  of  the  signal  is  also  based  upon  a  field  cross-correlation 

technique.  The  field  cross-correlation  function  is  deduced  from  the  contrast 
of  an  interference  pattern  built  between  the  signal  and  the  reference.  We 
insist  that  contrary  to  the  case  of  heterodyne  detection,  no  interferometric 
control  of  the  optical  paths  is  needed.  Subpicosecond  data  retrieval  is 
obtained  with  both  picosecond  and  nanosecond  probe  pulses.  A  sampling  point  is 
acquired  in  nearly  50ms.  In  the  nanosecond  regime,  owing  to  the  low  repetition 
rate  of  the  laser  (  15s  *),  single  shot  sampling  is  practicable.  In  the 

picosecond  regime,  the  result  is  a  statistical  average  over  a  large  number  of 
probing  processes.  Storage  of  spectral  holograms  involves  a  "write"  pulse  and 
a  train  of  "data"  pulses,  which  propagates  along  the  wave  vectors  and  k^ 
respectively.  An  engraved  hologram  is  associated  with  the  interference  of  each 
"data"  with  the  "write"  pulse.  The  probe  pulse  propagates  along  k  and  the 
signal  is  emitted  along  k^.  The  reference  pulse  is  beam-split  from  the  probe 
pulse,  with  an  adjustable  time-delay.  The  experiment  is  performed  in  a 
polystyrene  plate  doped  with  octaethylporphine.  The  upper  trace  on  Figure  1 
represents  the  recorded  field  cross  correlation  between  the  reference  and  an 
elementary  data  train  which  is  reduced  to  a  sequence  of  two  pulses.  The  FWHM 

of  the  data  is  240fs.  On  the  lower  trace  of  the  figure  is  displayed  the  single 
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delay  between  the  reference 
and  the  probe  pulses 


Figure  1 

scan  recording  of  the  field  crosscorrelation  between  the  reference  and  the 
restored  signal,  when  the  sample  is  probed  by  a  nanosecond  laser  with  a 
coherence  time  of  I20f  s.  The  time  separation  between  the  restored  peaks 
coincided  with  the  delay  between  data  pulses.  Their  width  (360fs)  is  a  little 
smaller  than  expected  (450fs)  by  calculating  the  convolution  of  the  data  with 
the  probe  and  the  absortion  band  (A  260fs). 

ID  A.  Rebane,  J.  Aaviksoo,  and  J.  Kuhl;  Appl.Phys.  Lett.,  54  93  (1989). 
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Introduction 

Several  investigations  have  shown  that  in  some  systems  stimulated  photon  echoes  may  be  obtained  over 
times  much  longer  than  the  excited  state  relaxation  time  Ti  It  has  been  claimed  that  the  mechanism  for 
this  anomalously  long  storage  time  is  the  formation  of  a  frequency  dependent  modulation  of  the  ground 
state  population  which  persists  because  of  spectral  hole-burning  Such  a  population  grating  produced  by 
coherent  multipulse  excitation  and  spectral  hole-burning  has  been  measured  only  in  a  few  cases  ^ 

We  have  investigated  the  frequency  dependence  of  such  hole  patterns  stored  in  the  ground  state  population 
with  respect  to  the  parameters  of  both  the  excitation  sequence  and  those  of  the  guest-host  system.  We 
compare  our  results  to  a  theoretical  model  obtained  usmg  density  matrix  formalism  to  describe  an 
inhomogeneously  broadened  distribution  of  two  level  systems  with  a  relaxation  path  into  an  additional 
reservoir  state  to  allow  for  spectral  hole-burning. 

We  chose  two  pulse  stimulation  of  the  inhomogeneously  broadened  band  as  a  format  for  studying  stored 
population  gratings  because  the  structure  of  such  gratings  is  especially  simple.  In  our  experiments  we  were 
able  to  accurately  control  the  pulse  amplitudes,  durations,  separations  and  the  relative  optical  phases.  We 
will  show  that  the  phase  relationship  of  the  stimulating  pulses  has  a  profound  effect  on  the  structure  of  the 
population  grating. 


Experimental 

We  performed  these  experiments  at  6  K  in  Eu^^'  YAlO^  (0.25%),  a  system  which  has  both  long  dephasing 
(  Ti  =  58^J  at  1.5  K  )  and  excited  state  lifetime  (Ti  on  the  order  of  1  ms  ).  This  system  allows  spectral 
hole-burning  because  of  hyperfine  levels  which  serve  as  a  population  reservoir.  The  spectral  holes  persist  for 
many  hours  at  liquid  helium  temperatures  '.  We  excited  the  inhomogeneously  broadened  ’Fo  — transi¬ 
tion  of  the  Eu^  +-  ions  at  581.6  nm  with  pairs  of  40  ns  pulses.  These  pulses  were  separated  by  60  ns  and  had 
a  rise  and  fall  time  of  approximately  1 1  ns.  We  were  able  to  adjust  the  optical  phase  of  the  second  pulse 
relative  to  the  first  by  either  0“  or  180®.  The  phase-coherent  pulses  were  created  by  acousto-optic  modulation 
^  of  the  cw  beam  of  an  actively  stabilized  ring  dye  laser  with  an  estimated  bandwidth  of  1  MHz.  We  applied 
1000  pulse  pairs  to  the  sample  separated  by  2  ms.  This  time  was  chosen  so  as  to  allow  complete  relaxation 
of  the  excited  state  after  each  excitation  state.  By  using  this  many  burning  cycles  we  were  able  to  resolve 
structural  details  in  the  resulting  population  grating  over  the  entire  measurement  range.  Transmission 
spectra  were  measured  by  scanning  the  laser  frequency  over  a  spectral  range  of  200  MHz  and  recording  the 
detected  light  power  on  a  digital  oscilloscope. 
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Results  and  Discussion 

The  spectral  hole  patterns  in  Fig.  1  were  obtained  by  dividing  the  transmission  spectra  by  previously  re¬ 
corded  reference  spectra.  Details  concerning  the  data  treatment  will  be  published  elscwere.  Both  hole 
patterns  exhibit  a  broad  envelope  which  reflects  the  spectral  width  of  the  40  ns  wide  pulses.  The  strong 
modulation  at  10  MHz  corresponds  to  the  inverse  of  the  time  between  the  leadin'  e  iges  of  the  excitation 
pulses  (100  ns)  rather  than  the  their  separation  (60  ns).  In  Fig. la  there  ”..0  no  phase  shift  between  the 
pulses  and  in  Fig.  lb.  the  second  pulse  had  a  180“  phase  shift.  The  hole  patterns  show  a  distinct  qualitative 
difference.  In  Fig.  la  there  is  a  deep  spectral  hole  component  at  the  center  frequency  whereas  in  Fig.  lb  there 
is  instead  an  increase  of  absorption.  Overlaying  the  hole  spectra  shows  that  the  deep  hole  components  in 
Fig.  la  and  lb  are  shifted  by  5  MHz  with  respect  to  each  other.  We  believe  that  this  is  the  first  time  that 
the  effect  of  the  relative  optical  phase  of  the  'xcitation  pulses  has  been  observed  in  spectral  hole  patterns. 


a 


b 


Figure  I.  Measured  spectral  hole  patterns  burned  by  1000  phase-coherent  pulse  pairs.  Pulses  were  40  ns 
duration  and  separated  by  60  ns.  Relative  optical  phase  of  the  second  pulse  was  either  0“  or  180“. 

With  a  few  exceptions  the  usual  practice  has  been  to  neglect  the  phase  in  the  theoretical  treatment  of 
photon  echoes  and  time  domam  hole-burning.  As  a  result,  we  have  found  it  necessary  to  rederive  ex¬ 
pressions  for  the  macroscopic  polarization  and  the  ground  and  excited  state  population  which  explicitely 
include  the  optical  phase  in  order  to  explain  our  experimental  data. 

We  use  the  time  dependent  Schroedinger  equation  to  derive  expressions  for  the  density  matrix  elements 
which  include  the  optical  phase.  Dephasing  and  relaxation  is  introduced  into  these  equations  in  the  usual 
manner.  ^  This  formalism  is  applied  to  an  inhomogeneously  broadened  system  and  the  \  ariation  of  the 
phase  as  a  function  of  the  frequency  is  taken  into  account.  We  use  this  model  to  calculate  an  explicit  ex¬ 
pression  for  the  ground  state  population  /9ii(A),  following  two  pulse  stimulation  and  subsequent  relaxation 
of  the  excited  state. 

sin^(x(A)T)  .  -f'/T 

p,,(A)=l-»; - ^/^2cos(<f.-A(t'  +  T))).  (1) 

Here  pu(A)  is  the  density  matrix  element  for  the  ground  state  population  as  a  function  of  the  frequency 
offset,  A,  from  the  center  frequency  of  the  laser  pulses.  The  hole-burning  efficiency  is  described  by  yj.  Note 
that  the  Rabi  frequency  x{A)  =  ^i£(A)/fi  is  itself  a  function  of  the  offset  frequency,  A.  The  transition  dipole 
moment  is  described  by  n  and  is  assumed  to  be  constant.  £(A)  is  the  Fourier  transform  of  the  electric  field 
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of  the  excitation  pulses.  Both  excitation  pulses  have  identical  duration,  t,  and  the  time  between  pulses  is 
f.  By  this  definition  the  time  between  the  leading  edges  of  the  pulses  is  (t'  +  t),  and  the  optical  phase  of  the 
second  pulse  relative  to  the  first  is  . 

In  our  calculation  we  have  neglected  relaxation  only  during  excitation,  and  we  have  assumed  that  the 
excitation  sequence  is  much  shorter  than  the  energy  relaxation  time,  T[.  The  sin^-term  provides  the  envelope 
of  the  spectral  hole  pattern.  Note  that  this  is  an  inherently  non-linear  function,  which  is,  in  the  limit  of '.veak 
excitation,  proportional  to  the  product  of  the  frequency  spectra  of  the  excitation  pulses.  The  term  in  pa¬ 
rentheses  describes  a  modulation  or  "grating"  which  has  a  period  given  by  (f  t)  '  and  a  phase  equal  to 
the  phase  difference  of  the  pulses.  The  modulation  depth  depends  only  on  the  ratio  between  the  pulse  sep¬ 
aration  t'  and  the  dephasing  time  T2  in  our  approximation. 


Frequency  Shill  (MHz)  Frequency  Shift  (MHz) 


Figure  2.  Calculated  population  gratings  using  Eq.(l)  with  our  experimental  parameters.  Left  side  figures 
have  0®  optical  phase  difference  betwen  the  pulses;  right  side  figures  have  180®  phase  shift.  The  lower  traces 
include  the  effect  of  2  MHz  laser  jitter. 

In  the  upper  half  of  Fig.2  we  have  plotted  Eq.(l)  using  our  experimental  parameters.  We  note  that  there 
is  a  substantial  difference  between  the  observed  and  predicted  modulation  depths.  According  to  Eq.(l)  the 
modulation  depth  is  reduced  by  dephasing.  In  our  experiments,  the  ratio  of  ('/TIi  is  far  too  small  to  account 
for  the  observed  decrease  in  modulation  depth.  We  believe  that  this  decrease  is  due  to  frequency  jitter  of  the 
laser.  In  the  lower  half  of  Fig.2  we  have  plotted  a  simulation  of  the  population  grating  calculated  from 
Eq.(l)  with  the  addition  of  a  statistically  jittering  laser  frequency,  described  by  a  Gaussian  probabihty 
function.  If  the  laser  is  assumed  to  have  a  2  MHz  rms  bandwidth,  then  the  calculated  population  grating 
is  in  excellent  agreement  with  the  data,  in  both  the  0“  and  180®  phase  cases.  Another  difference  between  the 
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calculated  population  gratings  and  the  measured  spectra  is  the  presence  of  strong  modulation  far  from  the 
center  frequency.  We  believe  that  this  is  due  to  the  hyperfme  levels  which  cause  side  holes  and  antiholes 
which  could  also  be  modulated. 

The  theoretical  model  which  describes  our  measurements  has  two  important  implications  for  time  domain 
spectral  hole-burning:  i)  The  modulation  depth  and  hence  the  strength  of  the  stimulated  echo  depend  on 
the  ratio  r'/Tj.  If  the  stimulated  echo  is  due  to  accumulation  of  a  number  of  pulse  pairs  with  different  t', 
as  is  often  done,  then  the  ampUtude  of  the  stimulated  echo  will  decay  due  to  the  dephasing  term  in  Eq.(l). 
^  ii)  It  is  also  clear  that  the  effect  of  phase  and  frequency  jitter  of  the  laser  during  the  excitation  process  or 
in  the  course  of  accumulation  will  tend  to  reduce  the  modulation  depth  and  consequently  also  reduce  the 
amplitude  of  the  stimulated  echo. 


Summary 

We  have  performed  experimental  measurements  of  the  ground  state  population  gratings  created  by 
excitation  an  of  inhomogeneously  broadened  system  with  resonant  pulse  pairs  whose  relative  phases  could 
be  varied.  We  have  compared  our  results  to  a  theoretical  model  and  found  good  agreement.  Our  investi¬ 
gations  have  shown  that  many  aspects  of  time  domain  spectral  hole-burning  may  be  better  understood  by 
considering  the  details  of  the  actual  spectrum  of  the  ground  state  population  grating  in  the  frequency  do¬ 
main. 
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Recently,  interest  in  photon  echo  has  been  revived  because  of  its  potential 
application  in  time-domain  optical  memories  Several  demonstrations  have  been 
reported  in  gases  and  also  bulk  organic  and  inorganic  materials  at  cryogenic 
temperatures  In  this  paper,  we  report  the  observation  of  accumulated  photon 
echo  in  Er  doped  optical  fibers  and  demonstrate  that  these  fibers  can  be  used  to 
store  information  on  the  subpicosecond  time  scale. 

Optical  fibers  have  proved  to  be  very  attractive  for  studies  of  nonlinear  optical 
phenomena  such  as  optical  Kerr  effect,  stimulated  Raman  and  Brillouin  scattering, 
four  wave-mixing  and  even  second  harmonic  generation  The  great  advantage  of 
optical  fibers  over  bulk  media  is  in  the  ability  to  focus  the  light  in  a  small  core  area 
and  to  propagate  it  without  diffraction  over  lengths  that  can  be  as  long  as 
kilometers.  By  using  rare-earth  doped  fibers,  other  new,  stronger  nonlinearities 
than  those  originated  from  the  silica  base  are  introduced  by  the  dopant.  As  a 
consequence,  coherent  effects  should  be  important  when  pulses  shorter  or 
comparable  to  the  dephasing  time  of  the  impurity  ions  propagate  in  the  fiber.  Er- 
doped  fibers  are  particularly  important  in  optical  communications  because  the 
Iis/2~Ii3/2  transition  at  1.53  (tm  coincides  with  the  minimum  loss  region  of  silica 
based  fibers.  These  fibers  can  be  pumped  by  diode  lasers  and  have  been  used  as 
amplifiers  and  as  lasers  in  the  1.53  p-m  region. 

The  homogeneous,  inhomogeneous  and  fluorescence  lifetimes  for  the  hs/i-h^a 
transition  of  erbium  in  aluminosilicate  fibers  at  4.2'’K  were  measured  to  be  80 
psec,  0.6  psec  and  10  msec,  respectively  *.  That  suggests  that  these  fibers  should  be 
a  suitable  medium  for  storage  of  tens  of  bits  with  subpicosecond  duration.  The  use 
of  Er  doped  fibers  for  these  applications  offer  a  major  advantage  in  terms  of 
significant  simplification  of  alignment  and  cooling  requirements.  Er-doped  fibers 
are  also  compatible  with  many  highly  developed  fiber-based  components,  including 
amplifiers,  couplers  and  connectors,  and  should  be  investigated  as  a  possible 
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alternative  for  time-domain  optical  signal  processing. 

In  our  experiment,  depicted  in  Fig.l,  a  NaCl:OH  "  color-center  laser  with 
additive-pulse  mode-locking  is  used  as  the  optical  pulse  source  for  the  photon- 
echo  experiment.  These  pulses  are  less  than  200  fsec  long  and  can  be  tuned  into 
the  I1S/2-I13/2  transition  of  the  Er  ions  at  1.53  ^.m.  The  laser  pulse  repetition  rate  is 
82  MHz  while  the  Er  relaxation  time  T  ,  is  10  msec.  That  means  that 
approximately  10*  pulse  pairs  are  coupled  into  the  fiber  within  T  1,  which  satisfies 
the  condition  for  accumulated  photon  echo  *. 


Fig.  1  Experimental  set  up  for  observation  of  photon-echo  in  an  Er-doped  fiber. 

The  fiber  used  had  a  silica  cladding  and  an  Er-doped  germanium-calcium- 
aluminum  silicate  core’,  with  a  diameter  of  5ji,m.  The  peak  absorption  was  10 
dB/m  at  1.530  fi,m  at  room  temperature.  A  4.5  m  section  of  this  fiber  was  coiled  to 
a  4  cm  diameter,  spliced  to  dispersion  shifted  fiber  pigtails  and  immersed  in  liquid 
helium.  Note  that  using  a  fiber  system  eliminated  the  need  for  windows,  vacuum 
and  other  difficulties  associated  with  cryogenic  optical  systems. 

A  Michelson  interferometer  was  used  to  generate  a  pulse  pair  which  was  coupled 
to  the  fiber.  The  average  power  coupled  to  the  fiber  was  about  4  mW.  The  output 
from  the  tested  fiber  was  time-resolved  by  cross-correlating  it  with  a  delayed  pulse 
of  the  laser,  as  shown  in  fig.  1.  The  echo  pulse  obtained  in  this  experiment  had  a 
duration  of  800  fsec.  It  is  likely  that  this  pulse  is  broadened  by  the  dispersion  in 
the  fiber,  estimated  to  be  about  10  psec/Km  nm.  The  echo  duration  was  measured 
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to  be  only  500  fsec  in  a  0.8  m  long  fiber,  where  dispersion  effects  should  be 
minimal.  Since  the  excitation  pulses  are  only  200  fsec  in  duration,  this  echo 
duration  is  a  signature  of  the  10  nm  inhomogeneous  linewidth.  Although  we  did 
not  measure  the  value  of  the  homogeneous  lifetime  T2  in  our  fiber,  it  seemed  to  be 
significantly  longer  than  the  80  psec  measured  in  aluminosilicate  fibers  as  we 
could  not  detect  a  significant  drop  in  echo  intensity  even  for  pulse  separations  of 
200  psec.  This  difference  can  be  attributed  to  the  special  glass  composition  of  the 
fiber  in  our  experiment’.  These  results  suggests  the  possibility  of  storage  and 
recording  of  information  as  long  as  hundreds  of  picoseconds  with  0.5  psec 
resolution. 

In  order  to  verify  the  possibility  of  using  Er  doped  fibers  in  time-domain  optical 
memories  *,  we  substituted  one  of  the  excitation  pulses  with  a  double-peaked 
pulse.  Although  in  our  experiment  the  echo  is  generated  through  the  accumulating 
effect  of  many  pulses,  we  can  still  demonstrate  the  correlation  between  the  shapes 
of  the  echo  and  the  excitation  pulses,  which  provides  the  basis  for  these  signal 
processing  applications.  In  our  experiment  the  second  excitation  pulse  serves  also 
as  the  read  pulse.  The  double-peaked  pulse,  with  3  psec  separation,  was  obtained 
by  exploiting  the  birefringence  of  a  10  mm  long  KTP  crystal,  which  was  introduced 
into  one  of  the  arms  of  the  interferometer.  The  relative  intensity  of  the  two  peaks 
was  adjusted  by  rotating  the  crystal.  A  polarizer  was  inserted  before  the  fiber  in 
order  to  assure  that  both  excitation  pulses  were  linearly  polarized  in  the  same 
direction.  An  Er-doped  fiber  amplifier  was  used  in  this  experiment  to  amplify  the 
input  pulses  before  they  enter  the  fiber  under  test,  in  order  to  enhance  the 
generated  echo. 

Figure  2a  shows  the  echo  generated  when  the  double-pulse  is  the  first  to  enter 
the  fiber.  As  expected,  the  echo  pulse  shape  is  a  time-reversed  replica  of  the  first 
excitation  pulse.  Figure  2b  shows  a  similar  experiment  where  the  double  pulse  was 
arriving  second.  The  echo  clearly  shows  a  triple  peaked  signal;  in  the  small  signal 
limit,  this  echo  can  be  shown  to  be  the  autoconvolution  of  the  second  excitation 
pulse  In  both  cases  we  observed  significant  distortion  in  the  ratio  between  the 
peaks,  particularly  when  the  excitation  intensity  was  increased.  We  believe  that  the 
distortions  are  the  result  of  higher  nonlinear  effects  induced  in  a  strongly  saturated 
system  and  will  be  discussed  later. 

In  conclusion,  we  have  verified  that  complex  pulse  shapes  can  be  stored  and 
recalled  in  erbium  doped  fibers.  Our  data  suggests  that  the  erbium-doped  fiber 
system  is  a  suitable  medium  for  processing  complex  signals  with  maximum 
duration  of  hundreds  of  picoseconds  and  resolution  of  only  0.5  psec. 
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Fig.  2.  (a)  An  echo  experiment  with  a  double-peaked  leading  pulse.  The  echo  is  a 
time-reversed  replica  of  the  leading  pulse.  Distortion  is  caused  by  higher  order 
saturation  effects,  (b)  An  echo  experiment  with  a  double-peaked  trailing  edge.  The 
triple-peaked  echo  is  the  auto-convolution  of  the  second  pulse. 
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Hole  Burning  in  the  Vibrational  Spectrum  of  Crystals  and  Glasses 

A.  J.  Sievers 

518  Clark  Hall,  Laboratory  of  Atomic  and  Solid  State  Physics,  Cornell  University 
Ithaca,  NY  14853,  phone;  607-255-6422 

Persistent  IR  spectral  holes  can  be  generated  in  the  vibrational  degrees  of  freedom  of  small 
molecules  matrix  isolated  in  crystals^)  and  glasses^^-^)  even  though  no  electronic  excitation  is 
involved,  i.e.,  a  non-photochemical  process.  The  union  of  the  IR  lead  salt  diode  laser  and  broad 
band  FT  interferometric  methods  has  produced  a  new  high  resolution  spectroscopic  technique  for 
investigating  both  the  statics  and  dynamics  of  molecules  in  solids.  These  low  power  single  mode 
diode  lasers  (~10  to  100  pW)  provide  a  near  ideal  cw  source  for  investigating  persistent  IR 
spectral  holes  (PIRSHs).  They  can  be  produced  and  probed  with  a  single  laser,  focused  to  an 
intensity  at  the  sample  typically  up  to  100  mW/cm^.  Persistent  spectral  changes  which  occur  far 
from  the  laser  line  can  be  monitored  with  an  FTS  probe  beam  at  60  MHz  resolution. 

Vibrational  hole  burning  in  crystalline  hosts  can  be  divided  into  four  generic  kinds  of 
effects.  The  simplest  persistent  effect  is  where  the  vibrational  hole  and  antihole  are  distributed 
inside  the  original  inhomogeneously  broadened  line,  as  observed  for  the  tetrahedral  molecule 
Re04'  in  alkali  halide  crystals.  Hole  burning  occurs  because  the  inhomogeneous  static  strain 
fields  in  the  crystal  at  the  same  site  makes  the  two  molecular  orientations,  which  are  separated  by 
a  large  potential  barrier,  inequivalent.  As  long  as  these  neighboring  ground  state  configurations 
differ  by  more  than  a  laser  linewidth,  there  is  a  possibility  of  reorientation  during  the  continued 
excitation  and  de-excitation  of  the  vibrational  transition  for  one  molecular  orientation.  Hence,  as 
long  as  the  relaxation  time  back  to  the  ground  state  is  much  longer  than  the  excited  state  lifetime, 
the  absorption  at  the  laser  frequency  will  decrease,  producing  a  persistent  hole. 

A  second  kind  of  vibrational  hole  burning,  in  which  the  antihole  is  removed  in  frequency 
from  the  inhomogeneously  broadened  line,  has  been  observed  for  the  CN"  molecule  in  alkali 
halide  crystals.  Since  the  CN'  ion  isolated  in  a  perfect  KBr  crystal  tunnels  among  a  number  of 
equivalent  positions,  it  does  not  show  persistent  effects.  However,  when  another  impurity  such 
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as  Na'*'  is  a  near  neighbor  to  CN'  the  stretch  mode  of  CN'iNa"^  and  that  with  the  molecule  rotated 
by  180  degrees  (NC':Na''')  are  inequivalent.  One  of  these  is  the  ground  state  configuration. 
Persistent  hole  burning  studies  as  a  function  of  temperature  have  shown  that  the  other 
configuration  is  140  K  above  the  ground  state  energy  value  with  these  two  states  separated  by  a 
barrier  height  of  1400  K.  By  burning  at  the  vibrational  ground  state  transition  frequency  and 
monitoring  the  entire  IR  spectrum  with  a  high  resolution  FT  interferometer,  it  has  been  possible 
to  carry  out  spectroscopic  and  hole  burning  measurements  on  both  configurations.  For  example, 
vibrational  Stark  effect  measurements  indicate  that  the  effective  dipole  moments  in  each 
arrangement  are  different. 

Manifold  burning  represents  a  third  kind  of  process.  The  asymmetrical  bending  mode 
transition  of  N02'  in  KCl  and  KBr  consists  of  a  complex  spectrum  made  up  of  five  absorption 
lines,  four  components  symmetrically  spaced  around  a  weak  central  line.  Hole  burning  at  any  of 
the  four  components  produces  additional  satellite  holes  in  the  other  three,  indicating  that  all  four 
lines  stem  from  the  same  dynamical  properties  of  an  individual  molecule.  Such  experiments  have 
shown  that  the  complex  spectrum  is  produced  by  rotational  tunneling  of  the  N  about  the  0-0 
axis,  which  is  fixed  in  the  octahedral  cage,  and  that  the  hole  burning  is  associated  with  the 
reorientation  of  the  0-0  axis  in  the  crystal. 

Finally,  the  fourth  effect  consists  of  burning  at  one  vibrational  mode  frequency  while 
monitoring  the  persistent  changes  produced  in  the  other  internal  or  external  modes  with  a  high 
resolution  FT  interferometer.  This  procedure  has  been  used  effectively  to  identify  the  localized 
phonon  modes  of  the  particular  defect-lattice  system.  When  N02'  is  doped  into  KI,  in  addition 
to  the  internal  vibrational  modes  of  the  molecule,  three  low  lying  far  IR  excitations  tue  found  at 
frequencies  in  the  gap  between  the  optic  and  acoustic  phonon  branches.  By  doping  the  crystal 
with  molecules  containing  an  isotopic  mixture  of  N-14  and  15,  as  well  as  0-16  and  18,  and  then 
monitoring  the  forest  of  far  IR  lines  in  the  KI  gap  region  while  sequentially  burning  on  each  of 
the  isotope-shifted  IR  bending  modes  with  the  diode  laser,  the  far  IR  isotope  shifts  of  all  of  the 
gap-mode  isotopic  combinations  have  been  identified.  The  different  isotope  shifts  show  for  the 
first  time  that  two  of  the  far  IR  transitions  are  from  translational  localized  modes  of  the  N02‘, 
while  the  third  has  a  mixed  translational-librational  character.  Such  information  is  cnicial  for  any 
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lattice  dynamical  calculation  of  this  low  symmetry  defect-lattice  system.  The  general  conclusion 
is  that  vibrational  hole  burning  can  be  expected  to  influence  the  entire  spectrum  produced  by  the 
defect,  including  the  impurity  induced  absorption  in  the  phonon  spectrum. 

The  chalcogenide  glasses  are  the  first  class  of  glassy  systems  to  exhibit  non-electronic 
persistent  hole  burning.  Glasses  of  AS2S3,  Se,  As2Se3  as  well  as  the  alloy  Ge-As-Se  have  all 
been  doped  with  small  molecules  and  examined  by  PIRSH  burning  to  characterize  the  general 
dynamical  properties  of  the  glassy  state.  The  results  are  quite  n  vealing.  All  molecule:glass 
combinations  show  PIRSH  burning  and  spontaneous  hole  filling  at  low  temperatures.  We  find 
that  a  diverse  set  of  impurities  in  a  single  host  all  display  very  similar  relaxation  behavior,  while 
identical  impurities  in  different  hosts  show  strikingly  different  behavior.  These  results 
demonstrate  the  dominant  role  of  the  host  in  determining  the  hole  relaxation  behavior.  A  similar 
pattern  emerges  for  the  hole  widths  in  the  various  systems  in  that  the  temperature  dependence  of 
the  width  appears  to  be  determined  solely  by  the  host,  independent  of  the  defect  involved. 

When  the  spontaneous  hole  filling  is  monitored  for  PIRSHs  burned  in  the  SeH  vibrational 
band  for  glasses  of  10  different  chemical  compositions  in  the  Ge-As-Se  system  at  1.5  K  ,  the 
dominant  spectral  hole  relaxation  rate  is  found  to  increase  by  over  three  orders  of  magnitude  as 
the  average  atomic  coordination  number  varies  from  2  to  2.8.  However,  it  is  observed  that  that 
the  quantitative  time  dependent  form  of  the  non-exponential  hole  relaxation  depends  solely  on  the 
average  coordination  number,  independent  of  chemical  composition.  Given  the  complexity  of 
glassy  systems,  it  is  both  surprising  and  intriguing  that  the  average  coordination  number  can 
predict  spectral  hole  relaxation  behavior. 
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In  the  past  spectral  hole  burning  vas  intensively  investigated  for  dye  mole¬ 
cules  in  solid  matrices.  The  long-lived  photochem.ical  holes  at  low  tempe¬ 
rature  gave  valuable  and  detailed  information  on  the  structural  properties  of 
the  molecular  surrounding,  e.g.  polymer  matrices.  More  recently,  persistent 
photochemical  hole  burning  at  low  temperatures  was  extended  to  the  infrared 
for  smaller  molecules  in  rare  gas  ^  or  glass  matrices  and  to  hydrogen 
bonded  polymers. 2 

Recently  we  observed  transient  spectral  holes  in  the  infrared  absorption 
spectrum  of  a  polymer  at  ambient  temperature. ^  The  analysis  of  the  hole 
parameters  gives  valuable  information  on  the  hydrogen  bonds  in  the  dis¬ 
ordered  system.  Our  experimental  technique  is  a  double-  resonance  spectro¬ 
scopy  with  intense  tunable  picosecond  pulses.  Details  of  the  measuring 
system  have  been  described  recently.‘^ 

In  short,  a  first  strong  IR  excitation  pulse  (energy  ~  50  pj,  duration  11^2 
ps,  bandwidth  8-20  cm~l  (depending  on  frequency)  is  resonantly  tuned  to 
the  OH  absorption  band  and  focused  into  the  sample.  A  second  time-delayed 
weak  probing  pulse  (energy  <  i  the  other  parameter  as  for  the  pump) 
with  adjustable  frequency  serves  to  measure  the  sample  transmission  T(i'.tD) 
as  a  function  of  delay  time  t[)  and'or  probe  frequency  i'  (energy  trans¬ 
mission  T  of  the  probe  pulse).  A  peak  intensity  of  2x10^9  W/cm^  is  esti¬ 
mated  for  the  focal  plane  of  tb .  pump  beam. 

The  samples  are  polymer  (PVB)  films  (thickness  20-60  pm)  with  high  optical 
quality.  The  preparation  has  been  described  recently.^  The  dried  pol.vmer 
films  are  fixed  between  CaF2  optical  windows  using  poly(chlorotrifluoro- 
ethylene)  oil  as  an  index-matching  fluid  and  placed  in  a  cryostat. 
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The  1  onventional  IR  :\bs('rption  spectrum  of  PVB  shows  a  broad  asymmetric 
band  with  a  maximum  around  3470  cm“l  and  a  steep  wiriR  to  the  high  fre- 
quenc'  side.  On  the  low  freouencv  side  the  absorption  decreases  more  slowlv 
b\  a  factor  of  10  from  the  maximum  to  3100  cm"  ^ . 


3000  3200  3400  3600 

Probe  Frequency  (cm~l) 


Fig.  1: 


Transient  probe  spectra  in  the 
OH  region  of  PVB  taken  during 
the  excitation  process: 


a)  pump  frequency 

’■pu  =  3440 

em"l.  T  =  295  K: 

'pu  =3300  cm"^. 

T  =295  K; 

c)  ;  pu  =3300  cm"l. 

T  =  90  K. 

The  solid  lines  represent  fitted 
theoretical  curves  for  the  de¬ 
termination  of  the  hole  width; 
two  spectral  components 
(dashed  lines)  are  considered 
respectiveb’  for  the  fitnda- 
mental  transition  and  excited 
state  absorption. 


Fig.  1  presents  three  experimental  results.  The  relative  transmission  change 
!n(T  Tq)  is  plotted  versus  probe  frequence-.  For  Fig.  la  (sample  temperature 
295  K)  the  pump  pulse  was  tuned  to  3400  cm"  ^  near  the  center  of  the  ab¬ 
sorption  maximum  of  the  OH  stretching  vibration  band.  Clearlv  visible  is  the 
transmission  increase  (soectral  hole)  around  the  pump  frequence  and  the 
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inverse  hole  around  3200  cm~^.  Tuning  the  pump  pulse  to  3300  cm~l  (Fig. 
lb)  the  spectral  hole  and  the  inverse  hole  are  red-shifted  by  approximately 
100  cm“F  Additionally  a  broadening  of  the  transmission  increase  is  ob¬ 
served.  For  Fig.  Ic  the  sample  was  cooled  down  to  90  K  and  excited  at  3300 
cm~F  The  center  frequency  of  the  hole  (compared  to  Fig.  lb)  is  only 
slightly  shifted,  whereas  the  hole  width  notably  decreases. 

A  summary  of  the  temperature  dependence  of  the  hole  width  is  given  in  Fig. 
2.  The  hole  width  2r  (HWHM)  is  plotted  on  a  semilogarithmic  scale  versus 
the  reciprocal  temperature.  The  upper  (solid)  line  refers  to  measurements 
with  a  pump  frequency  of  3300  cm~^.  For  the  measurements  of  the  lower 
(dashed)  line  the  pump  pulse  was  tuned  to  3440  cm'^.  One  observes  in  both 
cases  an  exponential  decrease  of  the  hole  width  I  T.  but  larger  ordinate 
values  for  the  low  frequency  pumping.  Assuming  a  dependence  of  the  form 
r  -  exp(-hcv2.'kT)  as  suggested  by  anharmonic  exchange  coupling  ^  to  the 
bridge  stretching  vibration  i'2  one  gets  slopes  of  respectively  i-o  =  141  ^  17 
cm~l  (vpu  =  3300  cm“l)  and  135  *  15  cm“^  (ipu  =  3440  cm“^). 

Further  time-resolved  measurements  show  that  the  lifetime  of  the  hole  and 
the  inverse  hole  is  5*2  ps  and  independent  of  temperature  (80  -  300  K) 
within  the  accuracy  of  the  experiment.  The  short  lifetimes  of  the  holes  is 
directly  related  to  the  different  physical  mechanisms  as  compared  to  persis¬ 
tent  holes  observed  in  similar  systems,  which  are  of  photochemical  nature.^ 
In  our  observation  the  population  difference  between  the  ground  state  and 
the  excited  OH  vibration  gives  the  dominant  contribution.  So  the  observed 
lifetime  of  the  holes  is  the  population  deca>'  time  of  OH  stretching  vibra¬ 
tion. 

The  extrapolation  of  the  obser\  ed  exponential  temperature  dependence  of 
the  hole  width  to  10  K  yields  values  much  too  low  compared  to  the  width  of 
the  observed  persistent  holes  of  other  systems.  On  the  other  hand,  the 
observed  vibrational  lifetime  Ti  =  5*2  ps  suggests  a  lower  limit  for  the 
hole  width  of  “  1  cm“^  (HWHM)  that  nicely  compares  with  the  reported  width 
of  persistent  IR  holes  at  low  temperature.-  For  higher  temperatures  >  100  K. 
lifetime  broadening  is  insignificant. 
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Fig.  2:  Hole  width  2r  (HWHM)  on  a  logarithmic  scale  versus  reciprocal 
temperature  for  two  values  of  the  pump  frequency;  experimental 
points.  The  calculated  lines  yield  slopes  of  =  135  *  15  cm~l 
(dashed  line,  ipu  =  3400  cm~M  and  141  *  17  cm~^  (solid  line. 
’■  pu  =  3300  cm~M. 


Further  comparison  between  the  persistent  (photochemical)^ -2  and  our  tran¬ 
sient  (photophysical)  holes  give  nice  agreements.  In  both  cases  the  hole 
width  increases  with  decreasing  pump  frequency;  also  a  frequency  depend¬ 
ence  of  the  hole  depth  is  related  to  the  absorption  cross  section.  For  our 
PVB  samples,  many  of  the  findings  can  be  explained  by  a  local  variation  of 
the  strength  of  the  hydrogen  bonds  that  also  accounts  for  the  inhomogene¬ 
ous  character  of  the  OH  absorption  band. 

The  close  relationship  between  transient  and  persistent  spectral  holes 
suggested  by  our  investigation  is  not  surprising  since  a  transient  (popu¬ 
lation)  hole  is  a  necessary  precursor  of  a  persistent  (photochemical)  hole. 
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We  have  investigated  the  spectral  and  temporal  dynamics  associated  with  phonon 
decay  in  the  YAG;Pr3+  system  at  a  range  of  temperature  between  9  and  25  K. 
Nonequilibrium  phonons  were  generated  using  defect  induced  one  phonon  absorption 
(DIOPA)  of  far  infrared  (FIR)  radiation^.  Phonon  detection  was  achieved  optically 
using  a  variation  of  absorption  vibronic  sideband  phonon  spectroscopy^. 

Far  infrared  radiation  in  the  frequency  range  30  -  113  cm'^  was  generated  using  a 
transversely  excited  atmospheric  pressure  CO2  laser  pumped  superradiant  cell.  This 

configuration  produces  50  ns  FIR  pulses  with  single  pulse  energies  in  the  range  1-10 
mj.  The  optical  detection  pulses  were  generated  using  a  YAG;Nd^'''  pumped  dye  laser. 
The  generation  and  detection  beams  were  incident  on  the  sample  in  a  counterpropagating 
geometry  with  the  phonon  generated  fluorescence  collected  at  90*^.  The  sample  was 
mounted  in  a  two  stage  cold  cycle  refrigerator  allowing  the  temperature  to  be  varied 
between  9  and  300  K.  The  sample  temperature  was  determined  optically. 

Figure  1  shows  the  spectral  and  temporal  evolution  of  the  decay  products  of  66 
cm'l  phonons.  The  decay  products  form  two  distinct  peaks  at  23  and  43  cm'^  with 
distinct  time  evolutions.  These  features  cannot  be  explained  in  terms  of  anharmonic 
decay  processes  which  should  lead  to  a  single  broadband  distribution  centered  at  half  the 
generation  frequency.  Monochromatic  phonon  generation  at  43,  111  and  1 13  cm'^  also 
resulted  in  decay  products  with  a  spectral  distribution  similar  to  that  in  figure  1 . 


194  /  FC3-2 


Figure  1.  Time  resolved  phonon  spectrum  of  the  decay  products  of  66  cm'^ 

phonons.  Two  spectral  features  at  23  and  43  cm‘l  can  be  clearly 
distinguished. 


We  interpret  this  behavior  as  due  to  inelastic  phonon  scattering  processes.  The 
phonon  peaks  described  above  cannot  be  correlated  to  states  of  the  Pr^'*’  ion  as  reported 
in  the  literature^.  However,  an  examination  of  the  excitation  spectrum  of  Pr3+  at  a 
temperature  of  9  K  reveals  the  presence  of  two  states  at  23  and  43  cm'  1 .  These  states 
appear  to  be  Pr3+  ions  in  distorted  sites  or  possibly  pair  states.  We  feel  that  it  is  not 
unreasonable  that  Pr3+  ions  in  distorted  sites  should  exhibit  a  greater  cross-section  for 
phonon  scattering  than  those  in  regular  sites.  In  the  case  of  43  and  1 13  cm'l  phonon 
generation  we  were  able  to  detect  the  presence  of  narrowband  frequency  phonon 
distributions  at  20  and  70  cm*^  corresponding  to  inelastic  scattering  off  the  23  and 
43  cm'  ^  states,  respectively. 

In  the  presence  of  inelastic  scattering,  the  frequency  dependence  of  the  phonon 
lifetime  should  deviate  from  the  (o^  behavior  expected  for  anharmonic  decay.  This  was 
observed  for  phonons  of  frequencies  <  70  cm'^  where  the  frequency  dependence  of  the 
phonon  lifetime  rolled  over  towards  an  co^  dependence.  Deviations  from  to^  at  low 
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frequencies  have  been  observed  previously^  and  have  been  attributed  to  phonon  transport 
out  of  the  interaction  region.  We  can  dismiss  this  as  a  factor  as  the  integrated  phonon 
energy  over  the  timescale  of  our  experiment  remains  constant.  Furthermore  phonon 
transport  experiments  show  that  transport  out  of  the  interaction  region  occurs  by  heat 
conduction  which  occurs  on  a  timescale  of  tens  of  microseconds. 

We  have  investigated  the  dependence  of  phonon  lifetime  (x)  with  temperature  for 
the  case  of  43  cm‘^.  A  strong  temperature  dependence  was  observed  as  is  shown  in 
figure  2. 
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Figure  2.  Plot  of  log(T)  versus  log(T),  where  x  is  in  ns.  The  solid  line  shows 
the  best  fit  to  a  dependence  over  the  range  9  -  25  K 


The  data  show  reasonable  agreement  with  a  T'^  dependence  as  expected  for  thermally 
induced  phonon  decay  processes  in  the  regime  where  to  »  T.  We  note  that  the  above 
criterion  is  only  a  good  approximation  at  temperatures  below  20  K  for  the  case  of 
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43  cm'  ^  phonons^.  The  detailed  nature  of  the  phonon  processes  involved  and 
corrections  to  the  T'^  behavior  at  higher  temperatures  are  currently  under  investigation. 

This  work  was  supported  by  National  Science  Foundation  Grant  Nos. 
DMR-8717696  and  DMR-9015468.  Equipment  support  was  provided  National  Science 
Foundation  Grant  DMR-89 14955. 
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Persistent  spectral  holeburning  induced  by  ion-tunneling  in 
hydrogenated  CaF2:Pr^‘‘’  and  SrF2:Pr^'‘'  crystals. 
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Almaden  Research  Center 
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The  crystal  systems  of  CaF2:Pr3+  and  SrF2:Pr3+  into  which  H",  D-,  or  T“ 
ions  have  been  diffused  exhibit  persistent  spectral  holeburning  when  particular 
Pr3+  ion  centers  are  resonantly  excited.  1  The  H“  ions  replace  lattice  and 
interstitial  F~  ions.2  The  holeburning  is  caused  by  H“  (or  D-,  T-)  ion  motion  in 
the  lattice  following  the  Pr3+  excitation  and  the  holes  have  lifetimes  of  at  least 
several  hours  at  low  temperatures. 

The  group  of  centers  that  undergo  this  process  have  rhombic  symmetry  and 
are  modified  from  the  predominant  C4v  H"  hydrogenic  center  by  the  addition  of 
extra  hydrogenic  ions  in  the  near  neighbor  coordination  cube.  A  number  of 
centers  are  produced  because  there  are  several  different  positions  where  these 
extra  ions  can  be  located.  The  degenerate  E  ground  state  of  the  C4v  parent  center 
is  split  by  the  rhombic  field  resulting  in  singlet  ground  states  for  the  Pr3+  ion.  Of 
particular  interest  is  the  fact  that  the  centers  differ  greatly  from  one  another  in 
the  strength  of  the  rhombic  distortion  and  hence  the  splitting,  A,  of  the  ground 
state  E  level.  This  has  dramatic  consequences  for  the  magnetic  properties  of  the 
ground  states  and  for  the  pseudoquadrupole  splittings  of  I'^lPr. 

Four  centers  labeled  Cs(l)  -  Cs(4)  were  studied  in  both  CaF2;Pr3+:D-  and 
SrF2:Pr3+;D“  crystals.  The  centers  remain  quasi-axial  and  the  I'^lPr,  I=| 
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hyperfine  levels  can  be  described  by  the  spin  Hamiltonian  parameter  2D  with 
splittings  between  levels  of  2D  and  4D.  Table  1  summarizes  the  spectral  data  for 
the  centers  under  study. 

Table  1 

Spectral  and  hyperfine  data  for  the  Cs  centers  in  CaF2;Pr3+:D“ 
and  SrF2;Pr3+;D-  crystals 


Crystal 

Center 

Wavelength 

(nm) 

A 

(cm'l) 

2  Dobs 
(MHz) 

Holeburning 
Mechanism  ® 

Cs(l) 

601.24 

0.53 

633 

1 

CaF2 

Cs(2) 

604.79 

9.5 

52 

2 

Cs(3) 

606.40 

18.5 

32 

1 

Cs(4) 

602.29 

20.2 

26.9^ 

1 

Cs(l) 

598.40 

3.3 

164 

2 

SrF2 

Cs(2) 

601.80 

8.3 

64 

2 

Cs(3) 

603.46 

16.3 

32 

1 

Cs(4) 

599.82 

21.3 

24.9 

1 

^  1  -  Transient  optical  pumping  of  the  Pr3+  h3T)erfine  levels  at  temperatures 
less  than  4K.  Persistent  holeburning  at  temperatures  above  4K. 

2  -  Persistent  holebuming  at  all  temperatures  above  2K. 

^  Hyperfine  splittings  measured  by  Optically  Detected  Nuclear  Magnetic 
Resonance. 

The  holebuming  spectra  for  the  centers  studied  in  CaF2:Pr3+:D-  and 
SrF2:Pr3+:D~  crystals  are  shown  in  figures  1  and  2  respectively.  The  temperature 
was  2K  in  all  cases  except  for  the  Cs(l)  center  in  CaF2:Pr3+:D-  where  it  was  5K. 

In  each  case  there  is  a  central  hole  at  the  laser  frequency  and  either  six  additional 
side  holes  or  antiholes  depending  upon  the  mechanism  for  holebuming.  The 
origin  of  the  side  stmcture  is  the  pseudoquadmpole  splittings  of  the  Pr3+  ground 


Absorption  -»  Absorption 
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state.  The  different  splittings  result  from  the  variations  in  the  energy  A  of  the 
first  excited  electronic  state  above  the  ground  state.  The  magnitude  of  the 
splitting  for  each  center  is  given  in  the  table. 

Figure  1.  Figure  2. 


Laser  Frequency  Offset  (GHz) 


Figures  1  and  2.  Holebuming  spectra  for  the  four  centers  under  study  in  a 
CaF2:Pr3+  D“  and  SrF2:Pr3'''  D“  crystal  respectively. 
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Below  4K,  the  holeburning  mechanism  for  the  Cs(l)  center  in  CaF2:Pr3+:D“ 
and  the  Cs(3)  and  Cs(4)  centers  in  both  crystals  was  optical  pumping  of  the 
hyperfine  levels.  All  centers  exhibited  persistent  holeburning  at  temperatures 
above  4K.  Figure  3  shows  a  schematic  model  of  the  Cs(l)  center  and  the  proposed 
mechanism  for  the  hydrogenic  ion  motion.  Note  that  in  this  case  the  optical 
transition  wavelength  of  the  photoproduct  is  not  shifted  but  it  absorbs  in  a 
different  polarization.  It  appears  necessary  to  have  at  least  two  hydrogenic  ions 
in  the  near  vicinity  of  the  Pr3+  ion  for  persistent  holebuming  to  occur.  As  would 
be  expected  from  the  proposed  mechanism,  the  tunneling  rate  and  hence  the  rate 
of  holebuming  depends  on  the  mass  of  the  hydrogenic  ion. 

In  summary,  we  have  observed  persistent  spectral  holebuming  in  an 
inorganic  crystal  that  is  caused  by  light  induced  ionic  motion  and  we  have  used 
this  to  measure  pseudoquadmpole  splittings  for  many  of  the  centers. 


Figure  3.  Schematic  model  of  the  Cs(  1)  center  and  the  ionic  motion  that  leads  to 
persistent  spectral  holeburning. 

*  Present  Address;  Center  for  Laser  Research,  Oklahoma  State  University, 
Stillwater,  Oklahoma  74078. 
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Linear  electron-phonon  interaction  in  dye-doped  polymers 
:  Boson  peak  frequencies  in  polymers 
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(06-844-1151  ext.  4149) 

This  talk  presents  a  review  of  our  recent  experimental  results  on  femto¬ 
second  accumulated  photon  echo  in  dye-doped  polymers.  The  aim  of  this  research 
is  to  clarify  the  parameter  that  is  most  important  in  affecting  seriously  the 
linear  electron-phonon  coupling  in  these  samples,  and  to  find  the  materials 
which  have  extremely  weak  linear  electron-phonon  coupling.  The  latter  research 
is  needed  for  the  improvement  of  the  PHB  memory  materials.  We  have  so  far 
demonstrated  experimentally  that  Fourier-transform  spectroscopy  [1]  based  on 
the  femtosecond  accumulated  photon  echo  is  most  useful  for  these  studies. 
Furthermore,  the  detection  sensitivity  for  the  accumulated  photon  echoes  has 
been  improved  significantly  with  the  use  of  the  phase  modulation  technique  [2]. 
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Fig.l.  (a)  Temperature  dependence  of  the  accumulated  photon  echo  in  octaethyl 
porphine  doped  in  polystyrene,  (b)  Fourier  cosine  transformed  spectrum  of  (a) 
(c)  Numerical  simulations.  The  intensities  of  the  zero-phonon  lines  at  10  and 
30  K  are  off  scale  in  (b)  and  (c). 
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First  we  investigated  the  temperature  dependent  variation  of  the  homogeneous 
absorption  spectrum  and  checked  the  validity  of  the  linear  electron-phonon 
interaction  theory. [3]  The  experimental  results  in  OEP  doped  in  polystyrene  are 
shown  in  Fig.l,  in  which  (a)  is  the  observed  echo  signals,  (b)  is  the  Fourier 
transformed  spectra,  and  (c)  is  the  numerical  simulation  according  to  the  theory 
of  the  linear  electron-phonon  interaction.  As  the  temperature  increases,  the 
relative  strength  of  the  zero-phonon  line  decreases  gradually  and  vanishes  near 
the  temperature  of  60  K  in  this  sample.  Above  this  temperature,  the  broadening 
of  the  phonon  sideband  spectrum  was  observed.  From  the  good  agreement  between 
the  Fourier-transformed  spectrum  and  the  numerical  simulation,  it  should  be 
stressed  that  once  the  phonon  sideband  spectrum  and  the  Debye-Waller  factor 
are  determined  at  a  sufficiently  low  temperature,  the  homogeneous  spectrum 
at  any  temperature  can  be  predicted  accurately. 

In  the  linear  electron-phonon  coupling  theory,  the  Deoye-Waller  factor  a 

is  an  important  parameter.  With  the  use  of  this  factor,  we  can  characterize 

the  dye-doped  polymer  samples.  Under  the  approximation  of  the  single  phonon 

mode,  a  is  defined  as  _ c  4?  /olt  ^ 

a  =  exp(-Sg  coth  tiw/ZkT  ) 

where  Sg  is  the  Huang-Rhys  factor  and^  w  is  the  phonon  frequency.  Hence  the 
most  preferable  materials  for  PHB  optical  memories  should  have  a  smaller  Huang 
Rhys  factor  and  a  higher  phonon  frequency.  Fig. 2  shows  the  experimental  results 
on  the  temperature  dependence  of  the  Debye-Waller  factor  in  three  samples.  The 
dots  denote  the  measured  values  and  the  solid  lines  denote  the  numerical  fit 
to  the  theory.  From  this  numerical  fitting,  we  can  estimate  the  two  parameters 
Sg  and  CO  .  It  also  indicates  that  although  the  two  samples  of  TPP/PMMA  and 
TCPP/PVOH  have  almost  the  same  value  for  the  Huang-Rhys  factor,  the  Debye- 
Waller  factor  declines  steeply  in  the  former  sample.  This  is  due  to  the  relati¬ 
vely  low  phonon  frequency  in  the  PMMA  polymer.  Therefore  it  is  important  to 
know  the  polymer  dependence  of  the  phonon  frequency  in  order  to  find  the  mate¬ 
rials  which  maintain  a  large  value  of  the  Debye-Waller  factor  up  to  higher 
temperatures.  [4] 
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^ig.2  Temperature  dependence  of  the  Debye 
Waller  factor  in  three  samples  including 
tetraphenyl  porphine  (TPP)  doped  in  poly 
(methyl -methacrylate) (PMMA) ,  tetracarboxy 
phenyl  porphine  (TCPP)  doped  in  poly(vinyl 
alcohol ) (PVOH)  and  iron-free  myoglobin. 

The  dots  denote  the  measured  values  and 
the  solid  lines  represent  the  numerical 
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(a)  Raman  Spectrum  (b)  Hole-burning  Spectrum 


Fig, 3  Comparison  between  the  Raman  scattering  spectra  and  the  hole  burning 
spectra.  The  hole-burning  spectra  were  measured  for  same  polymer  doped  with 
rhodamine-640  or  tetraphenylporphine  (TPP). 


Low-frequency  Raman  scattering  has  revealed  that  a  low-frequency  peak  occurs 
in  the  spectra  of  all  amorphous  and  vitreous  solids.  This  low-frequency  peak 
has  been  called  the  boson  peak,  since  the  boson  occupation  factor  affects  the 
peak  height  and  Raman  spectral  shape.  Recently,  the  low-frequency  mode  in 
amorphous  materials  has  been  interpreted  from  the  viewpoint  of  a  fracton  vib¬ 
ration.  Fig. 3(a)  shows  the  low-frequency  depolarized  Raman  spectra  in  three 
polymers  of  urea  resin,  epoxy  resin  and  PMMA.  The  hole  burning  spectra,  shown 
in  Fig. 3(b),  were  also  measured  for  the  same  polymers  doped  with  rhodamine- 
640  or  TPP  dyes.  The  characteristic  feature  of  the  Raman  spectra  of  the  polymers 
is  that  there  appears  two  spectral  edges  in  the  spectra  and  the  dependence 
is  observed  in  the  spectral  range  between  the  two  edges.  The  low  frequency 
peak  corresponds  to  the  boson  peak.  We  have  tentatively  termed  the  two  spectral 
edges  in  the  Raman  spectrum  the  low-frequency  fracton  edge  (Ife)  and  the  high- 
frequency  fracton  edge  (hfe),  respectively.  It  is  evident  that  the  low-frequency 
fracton  edge  nearly  coincides  with  the  peak  frequency  of  the  phonon  sideband 
spectrum. Table  1  shows  the  polymer  dependence  of  the  boson  peak  frequency.  [5] 
This  table  also  indicates  that  hydrogen-bonded  polymers  have  higher  boson 
peak  frequencies,  and  that  there  seems  to  exist  a  maximum  of  the  boson  peak 
frequency  at  around  30  cm"l  in  organic  polymers.  The  former  result  explains 
the  reason  as  to  why  the  Debye-Waller  factor  is  enhanced  when  the  dyes  are 
doped  in  polyvinyl  alcohol.  Furthermore,  if  there  exists  an  upper-limit  in 
the  boson  peak  frequencies  in  polymers,  we  must  search  for  materials  which  have 
smaller  Huang-Rhys  factor  for  the  improvement  of  PHB  memory  materials. 
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Table  1  Polymer  dependence  6f  Boson  peak  frequency 


1 

Pol  ynier 

Boson  peak 
frequency 

1 

polystyrene 

14  cm  ^ 

2 

poly(methyl  methav,('ylate) 

13 

3 

poly(ethyl  methacrylate) 

13 

4 

poly(butyl  methacrylate) 

16 

5 

poly(lauryl  methacrylate) 

16 

6 

poly(vinyl  acetate) 

12 

7 

poly(2-hydroxyethyl 
methacryl ate) 

23 

8 

poly (vinyl  alcohol) 

25 

9 

poly(acryIic  acid) 

25 

10 

urea  formaldehyde  resin 

23 

11 

dextran 

1  30 

Recently,  we  have  reported  that  the  higher-order  structure  of  the  micro¬ 
environment  surrounding  the  dye  molecule  helps  weaken  the  linear  electron- 
phonon  coupling  strength.  For  example,  we  have  found  that  the  Huang-Rhys 
factor  in  iron-free  myoglobin,  which  is  one  of  the  naturally  occuring  dye- 
polymer  systems,  is  an  extremely  small  0.08.  The  temperature  dependence  of 
Debye-Waller  factor  in  this  sample  is  shown  in  Fig. 2.  The  large  value  of  0.7 
for  the  Debye-Waller  factor  at  77  K  means  that  even  at  liquid  nitrogen  tempe¬ 
rature  the  absorption  spectrum  of  this  sample  mainly  consists  of  the  zero- 
phonon  line.  As  far  as  the  dye-polymer  system  is  concerned,  the  iron-free 
hemeproteins  are,  to  the  best  of  our  knowledge,  one  of  the  samples  with  the 
weakest  linear  electron-phonon  coupling  at  77  K.  The  more  detailed  results 
on  the  linear  electron-phonon  coupling  in  iron-free  hemeproteins  will  be 
presented  in  this  conference  by  Lin  et  al . 
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Iron-free  Cytochrome  C  and  Myoglobin  In  Buffer  Glass  as  Weakly- 
coupling  Mesoscopic  Molecular  System:  Iloleburnlng,  Absorption  and 
Fluorescence  Spectra  and  their  Temperature  Properties 


Toshiro  TANI,  Youichi  SAKAKIBARA,  Hisao  TAKAHASHI  and  Kyonosuke 
YAMAMOTO 

Electrotechnical  Laboratory.  Umezono  1-1-4,  Tsukuba-shi,  Ibaraki 
305.  Japan  (Tel:  0298-58-5451.  Fax:  0298-58-5459) 


Persistent  spectral  hole  burning  is  a  useful  tool  to  detect 
zero-phonon  line  and  phonon  sideband  of  organic  dye  molecules 
doped  in  glasses  and  polymers,  which  are  usually  covered  under 
Inhomogeneous  broadening.  These  observation  bring  us  information 
on  the  electron-phonon  interaction  such  as  Debye-Waller  factor  a 
In  these  molecular  systems.  From  the  viewpoint  of  the  issue  of 
materials  designing  for  wavelength-multiplexed  optical  memory  and 
also  with  naive  Interest  to  obtain  efficient  sharp  holes,  we  have 
paid  much  attention  to  the  molecular  systems  in  the  category  of 
rather  weaker  Inter/lntra-molecular  coupling. 

Basically  the  decrease  of  linear  electron-phonon  interaction 
brings  us  efficient  zero-phonon  hole  formation  and  the  decrease 
of  the  quadratic  one  does  the  sharpening  of  the  hole.  Using 
qulnlzarln  derivatives  and  porphyrin  family,  we  have  been  inves¬ 
tigating  various  hole-forming  dye-doped  systems  by  modifying  the 
molecular  structure  of  dye  as  well  as  matrix^’.  Glass  matrices 
are  surveyed  from  organic  solvents  through  modified  polymers  to 
inorganic  sol-gel  glasses®-^’.  We  have  been  trying  to  classify 
and  comprehend  the  properties  of  holes,  including  spectral  diffu¬ 
sion,  as  well  as  photoreaction  processes  of  hole  formation  in 
relation  to  the  local  structure  of  materials'*  •  ®  ’  . 

We  consider  at  the  moment  as  follows:  Though  the  zero-phonon 
hole  formation  and  its  capabilities  are  mostly  determined  by  the 
properties  of  guest  molecule,  however,  the  structure  of  guest- 
host  interacting  clusters  which  Include  some  intermediate,  or 
mesoscopic,  range  of  matrix  molecules  around  each  photoactive 
center  should  also  be  taken  into  account  for  more  holistic  com¬ 
prehension.  The  former  can  be  related  to  the  intra-molecular  in¬ 
teraction  whereas  the  latter  the  inter-molecular  one.  This  ap¬ 
proach  of  the  mesoscopic  structural  control  of  molecular  interac¬ 
tions,  or  molecular  assemblies,  already  proposed  is  useful  not 
only  from  the  viewpoint  of  material  optimization  but  also  for 
surveying  new  materials'*-®’. 

Recent  results  of  persistent  hole-burning  of  chromoproteins, 
iron-free  cytochrome  c  (H2:CyC)  and  iron-free  myoglobin  (H2:Mb) 
doped  in  buffer  glass  will  be  described  here.  We  think  these 
would  be  typical  examples  of  functional  mesoscopic  system  in 
which  for  Instance  extremely  weak  linear  electron-phonon  coupling 
is  realized.  We  have  already  observed  in  our  preliminary  work 
that  highly  efficient  zero-phonon  hole  has  been  formed  in  H2- 
cytochrome  c  and  the  hole-filling  experiment  by  temperature  cy¬ 
cling  Indicates  the  guest-host  coupling  seems  very  weak’’^’.  This 
is  quite  in  contrast  with  the  earlier  hole  burning  experiment"’ 
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on  the  natural  hemeprotelns  In  which  the  observed  hole  spectra 
are  broad,  as  broad  as  the  absorption  band.  The  extraction  of 
Iron  from  the  central  porphyln  has  brought  us  remarkable  Improve¬ 
ment  of  the  functions.  Incidentally  the  guest  Is  the  central 
porphyln  here  and  all  the  substituents,  protein  chain  and  prob¬ 
ably  water  and/or  glycerol  molecules  within  some  mesoscopic  range 
consist  of  the  functional  host. 

Samples  are  prepared  In  accordance  with  the  method  of  Van- 
derkooi  and  Erecinska®’.  They  are  obtained  in  the  solution  of 
0 . 5M  PO4  buffer  with  pH  7.4  anl  mixed  with  glycerol  to  3~  4  times 
in  volume.  They  are  degassed  and  sealed  in  the  glass  cells  with 
1  to  3  mm  optical  path  length.  The  optical  densities  of  the 
Q>c(0-0)  bands  are  from  0.03  to  0.3  at  room  temperature.  Results 
are  itemized  as  follows  with  description  rather  stressed  on  the 
difference  of  the  characters  noted  In  the  two  systems; 

1.  Broad  band  excitation  and  emission  spectra  of  fluorescence 
in  Ha:CyC  and  HaiMb  at  4.8  K  are  shown  in  Fig.  1  in  relation  to 
the  Q.^{0-Q)  transitions.  The  two  structures  of  the  peak  at  620 
nm  and  the  shoulder  at  625  nm  (see  also  Fig.  2)  in  Ha:Mb  for  in¬ 
stance  are  notable.  These  seem  to  be  0-0  transition,  indicating 
there  exists  at  least  two  sites  in  the  hydrophobic  heme  pockets 
or  the  cages  made  of  polypeptide  chain.  Emission  spectra  by 
quasi  site-selective  excitation  Into  Q^(O-l)  band  at  565  nm  and 
562  nm  support  it.  This  specified  feature  is  similar  in  both 
systems . 

2.  The  hole  burning  profiles  and  the  efficiencies  and  hole 
filling  experiments  by  temperature  cycling  at  peak  and  shoulder 
are  almost  similar,  also  Indicating  that  their  electronic  origins 
are  common  each  other. 

3.  In  case  of  H2:CyC  the  shoulder  is  sensitive  to  the  condi¬ 
tion  of  the  sample  whereas  not  in  case  H2:Mb. 

4.  If  we  look  at  the  results  in  2  more  precisely  to  compare 
the  two  systems,  there  is  surely  the  difference.  The  dye-matrix 
coupling  in  the  sense  of  extrinsic  TLS  seems  to  be  weaker  in 
H2:CyC  than  in  H2:Mb  from  the  temperature  hole  filling  experi¬ 
ments  (Fig,  3) . 

5.  Figure  2  shows  the  hole  spectra  and  their  difference 
spectra  obtained  by  the  intense  burning  at  peak  the  wavelength 
for  each.  In  H2:CyC  there  appears  anti-hole  or  product  states 
absorption  Just  at  the  shorter  wavelength  side  of  the  burning, 
whereas  not  in  H2:Mb.  In  the  latter  case  the  product  states  seem 
to  appear  in  wide  spread  at  longer  wavelength  region.  Second, 
another  new  band  appears  at  603  nm  in  HziCyC.  This  band  also 
seems  to  be  fluorescent  (see  Fig.  1). 

6.  Another  remarkable  difference  in  H2:CyC  and  H2:Mb  is  the 
strong  temperature  dependence  of  Qj,(0-0)  band  observed  in  the 
latter  (Fig.  4) . 

7.  As  for  the  linear  electron-phonon  couplings,  the  tempera¬ 
ture  dependence  of  a  in  H2:Mb/buffer  glass  is  obtained  from  the 
novel  accumulated  photon  echo  experiment^® > :  a  at  0  K  limit  is 
0.92  and  it  is  still  0.7  at  77K.  It  is  estimated  that  Huang-Rhys 
factor  So  is  0.08  and  the  dominant  phonon  energy  is  25  cm”^. 
Though  the  numbers  could  not  be  determined  in  case  of  H2:CyC  due 
to  the  generation  of  the  product  band  (Fig.  2) ,  the  coupling  in¬ 
tensity  seems  to  be  nearly  the  same. 

8.  Based  on  these  observation  the  temperature  dependence  of 
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hole  spectrum  Is  measured  In  HaiMb  (Fig.  5)  and  the  persistent 
hole  can  be  observed  up  to  140  K  though  the  efficiency  seems  to 
become  low.  The  temperature  dependence  of  Ta  estimated  from  that 
of  the  hole  width  f  by  assuming  r  t^  =  2/n  Tz  follows  a  7”*=  depen¬ 
dence  where  b  is  2.2  (Fig.  6),  in  agreement  with  that  of  echo 
data.  The  deviation  observed  above  120  K  is  due  to  the  increased 
contribution  from  phonon  sidebands. 

9.  The  shift  A  of  the  pseudo-phonon  sldehole  obtained  from 
intense  burning  is  25  cm”^  which  is  In  good  agreement  with  7.  In 
ordinary  burning  conditions,  we  could  not  detect  any  trace  of 
phonon  sldehole  in  both  HziMb  and  HzrCyC. 


In  summary  we  have  obtained  extremely  weak  linear  electron- 
phonon  coupling  systems,  probably  the  weakest  at  the  moment  among 
organic  systems,  though  existing  in  nature  but  sufficiently  ar¬ 
tificially.  This  is  caused  by  the  reduction  of  the  nonradlatlve 
relaxation  in  the  porphyrin  moiety  and  the  hydrophobic  environ¬ 
ment  of  the  heme  pocket.  The  weakness  in  the  coupling  is  almost 
comparable  to  that  in  Shpol’skll  matrix.  As  for  the  quadratic 
coupling,  the  reduction  of  the  linear  one  may  also  decrease  its 
intensity  though  of  course  remains  further  Investigation. 

There  exist  some  structural  differences;  protoporphyrin  IX 
is  connected  to  the  cysteins  of  the  polypeptide  chain  through  the 
two  thloether  linkages  in  H2:CyC  whereas  no  chemical  bond  in 
Ha:Mb.  The  a  -helix  content  and  the  charge  distribution  are  also 
different  each  other.  We  consider  so  far  the  higher  order  struc¬ 
tures  of  the  in  H2:CyC  is  less  tight  than  in  H2:Mb  causing  inclu¬ 
sion  of  HaO  molecule(s)  and/or  PO^’s  in  the  protein  or  the 
pocket,  which  eventually  leads  to  the  notable  characteristics  in 
the  former. 
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The  results  of  oc t a e t hy  I  p o r phyr  i  n  doped  in  °- 
PMMA  are  also  shown  for  comparison. 
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Summary 

The  present  interest  in  the  PHB  optical  memories  has  motivated  re¬ 
search  into  finding  materials  which  have  weak  electron-phonon  coupling 
between  the  guest  impurity  and  the  host  system.  The  magnitude  of  the 
linear  electron-phonon  coupling  strength  can  be  obtained  from  the  Debye- 
Waller  factor,  the  relative  strength  of  the  zero-phonon  line  and  phonon 
sideband  of  the  homogeneous  spectrum.  The  Debye- Wciller  factor  can  be 
determined  readily  in  crystads;  in  amorphous  solids,  however,  the  large 
inhomogeneous  spectral  broadening  masks  the  individual  homogeneous 
spectrum.  Out  of  the  many  nonlinear  spectroscopic  techniques,  our  group 
utilized  the  femtosecond  accumulated  photon  echo  technique  with  phase 
modulation^  to  examine  the  polymer  dependence  of  the  electron-phonon 
coupling  in  amorphous  dye-doped  polymer  systems. 

Previous  results^  from  low  frequency  Raman  scattering  and  PHB  spec¬ 
troscopy  indicate  a  larger  Debye- Waller  factor  for  a  higher  “boson  peak” 
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frequency.  However,  most  organic  polymers  examined  exhibit  a  peak  fre¬ 
quency  no  higher  than  30  cm“b  Considering  the  fact  that  the  Debye- 
Waller  factor  is  dependent  on  both  the  mean  phonon  frequency  (bo¬ 
son  peak  frequency)  and  the  linear  electron-phonon  coupling  coefficient 
(Huang-Rhys  factor),  it  is  desirable  to  search  for  dye-polymer  samples 
which  have  an  extremely  small  Huang-Rhys  factor  in  order  to  improve 
the  temperature  characteristics  of  the  PHB  memory  materials. 

Our  own  measurements^  have  indicated  that  the  dye-polymer  sample 
of  TCPP/PVOH  exhibits  weak  linear  electron-phonon  coupling,  as  evi¬ 
dent  from  the  theoretical  fit  against  the  measured  values  for  the  Debye- 
Waller  factor.  As  seen  in  Fig.  1,  the  Huang-Rhys  factor  comes  to 
0.2  with  25  cm“^  for  the  mean  phonon  frequency  in  this  sample.  Re¬ 
cently,  however,  we  have  discovered  that  iron-free  myoglobin  and  iron-free 
cytochrome-C  both  have  weaker  Unear  electron-phonon  couplings. 

In  these  chromoprotein  samples,  the  protein  polypeptide  chain  wraps 
the  iron-free  heme  chromophores  in  the  protein’s  tertiary  structure.  The 
iron-free  heme  chromophores  exist  in  a  hydrophobic  environment  with 
the  librational  degrees  of  freedom  assumed  Limited  by  the  tight  wrapping 
of  the  polypeptide  chain.  In  Fig.  2,  the  absorption  and  fluorescence 
spectra  for  iron-free  myoglobin  show  a  lack  of  any  significant  Stokes  shift, 
indicating  that  the  adiabatic  potentials  for  the  ground  and  excited  states 
have  no  significant  shift  in  their  equilibrium  positions  in  the  configuration 
coordinates.  This  fact  predicts  a  small  value  for  the  Huang-Rhys  factor. 

Fig.  3  shows  the  temperature  dependence  of  the  photon  echo  signal 
for  iron-free  myoglobin.  At  lOK,  the  spike,  which  represents  the  phonon 
sideband,  is  largely  absent  and  the  e.xponential  decay,  which  represents 
the  zero  phonon  line  contributions,  takes  up  most  of  the  echo  signal.  Even 
at  near  liquid  nitrogen  temperatures,  the  exponential  decay  portion  is  a 
significant  part  of  the  signal,  in  contrast  to  other  dye-polymer  samples. 
Fig.  4  shows  the  theoretical  fit  of  the  Debye- Waller  factor  for  the  iron- 
free  myoglobin  sample.  The  plot  shows  a  significant  weakening  of  the 
electron-phonon  coupling,  ^ls  evident  from  the  Huang-Rhys  factor  of  0.08. 

We  have  attributed  the  weakness  of  the  linear  electron-phonon  cou¬ 
pling  to  the  hydrophobic  environment  of  the  polypeptide  chain  interior 
and  the  tight  wrapping  of  the  chromophores  by  that  chain. 
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Fig.  1  Temperilure  dependence  of  the 
Debye- Wilier  (ictor  for  teiricarbonyphenyl 
porphin  (TCPP)  doped  in  poly(vinyl.ilcohol) 
(PVOH).  The  dots  denote  the  meisured  vilues 
ind  the  line  denotes  the  numerical  6t  to  the 
theory. 
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Fig  2  Temperature  dependence  o(  the 
fluorescence  (solid)  and  absorption  (dots) 
spectra  in  iron-free  myoglobin.  The  Stokes 
shift  IS  rarely  observed  over  the  wide 
temperature  range  from  liquid  helium 
temperature  to  near  room  temperature. 
The  laser  bandwidth  used  for  the  echo 
measurement  is  depicted  in  the  spectrum 
at  lOK. 
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Abstract 

The  challenges  and  opportunities  for  a  spectral  Iiole-l'nirning-basctl  storage  device  are 
discussed  in  the  environment  of  contemporary  computer  systems  which  rely  on  a  hybrid 
Storage  Hierarchy’  for  high  capacity  atul  performaticc. 


I.  Introduction 

Rapid  storage  and  retrieval  of  informatio  ,  i  ^  key  factor  in  the  desigit  and  performance  of 
present-day  computers,  l  or  example,  nearly  all  sectors  ol  the  business  world  (banks,  airlines, 
insurance  companies,  etc.)  now  critic.dly  rely  on  computer  storage  subsystems  to  provide 
efficient  'on-line’  service  to  their  customers.  World-wide,  computer  storage  industry  revenues 
are  well  over  S40B  a  year  and  growing.  In  addition  to  applications  in  so  called  high-end’ 
mainframe  systems,  storage  peripherals  also  play  important  roles  in  the  mid-range  and  low  end. 
This  last  category,  which  has  clearly  emerged  since  1980.  has  fostered  the  growth  of  new 
companies  who  solely  develop  and  manufacture  storage  devices  for  workstation,  personal 
computer  and  lap-top  computer  applications. 

The  capacity  and  performance  of  computer  storage  devices  span  a  rather  broad  spectrum, 
depending  upon  system  requirements  and  applications.  A  large  mainframe  computer  system 
may  have  an  'online  storage  capacity  requirement  of  100  (ligabytes  or  more,  with  access  times 
and  data  transfer  r  ites  of  10  msec  and  4.5  MByte/sec  respectively.  1  his  may  be  compared  with 
the  40  MByte  capacity,  20  msec  access  time  and  2  MByte/sec  transfer  rates  characteristic  of 
storage  units  for  low  end  personal  computers,  fypical  prices  of  85  to  SIO  per  Megabyte  are 
expected  to  continue  to  decrease  substantially. 

(’urrent  research  and  development  for  computer  storage  devices  are  exploring  a  number  of 
alternatives  tvi  today's  mainline  technologies.  ’Hie  goal  of  these  activities  is  to  identify  storage 
methods  which  may  develop  into  products  to  provide  improved  perfortnance,  while  satisfying 
system  needs  such  as  nonvolatility,  greater  capacity,  lower  cost,  etc.  1  wo  examples  of  concepts 
which  are  now  emerging  as  storage  technologies  arc  disk  arrays  (high  performance),  and 
magneto-optic  storage  (rcrnnv'abic.  high  capacity).  .Some  other  examples  of  areas  under  active 
investigation  by  many  groups  include  nonvolatile  semiconductors,  ferroelectric  RAM,  S’l'M 
storage,  holographic  memories,  and  persistent  spectral  hole-burning.  We  discuss  here  briefly  the 
environment  of  a  current  computer  system  and  how  a  storage  device  based  on  spectral 
hole-burning  may  find  an  application  niche. 
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2.  I'he  Stor.'igc  Hierarchy 

A  typical  architecture  rrl'a  ineveiit  day  cinuputer  system  cuusists  ol  a  main  processor  wliicli 
cotitimially  exchanges  data  vs  itli  a  Irigh  speed  semiconductor  caclie  'mciiK'ry’.  I  his  inemorv' 
consists  of  high  pet formtincc  static  RAM  cliips  willi  capacity  of  perhaps  scvenil  hundred 
KBytes,  giving  the  fastest  response  times  of  |()  s  of  nsec  s,.  and  is  volatile  to  loss  of  power. 
Supporting  this  is  the  computer's  mtiin  storage  memory,  which  consists  of  scvertil  hundred 
MBytes.  This  main  memory  is  fiihricatcd  from  high-performtmee  dynamic  RAM  (current 
products  use  4  MBit  or  Id  Mbit  chips)  with  performance  titnes  of  ttrouiul  hO  nsec  s.  l  ike 
SRAM.  DRAM  is  also  volatile  in  the  c.asc  of  power  loss. 

The  next  level  of  storage  which  exists  in  a  computer  system  is  a  combination  of  more 
DRAM  and  magnetic  hard  disk  storage  (  DASD  ).  I  he  DRAM  cache  exists  in  the  DASD 
storage  controller  to  provide  improved  performance.  It  docs  this  by  acting  as  a  high  speed 
hulTcr  to  the  disk  file,  thereby  masking  the  seek  and  l.itcncy  of  the  disk  file  itself.  The 
combination  of  this  with  the  capticity  of  the  DASD  provides  a  very  powerful  and  cost  cncctivc 
solution  to  the  computer's  storage  ic(|uircments.  Since  the  storage  mechanism  of  the  disk  is 
magnetic  recording,  it  is  st.able  atid  non-volatile.  Ihc  capacity  of  this  storage  ctm  range 
anywhere  from  a  few  hundred  MBytes  for  a  very  small  system  to  many  hundred  OBytes  or 
more.  Proper  coordination  between  the  semiconductor  cache  and  magnetic  DASD  by  the 
system  software  can  result  in  a  fast  response  time  for  system  loaded  with  a  large  number  of 
users.  Native  data  tratisfcr  rates  of  MByte  sec  for  a  disk  file  today  is  typical.  Ilow'cvcr. 
recently,  the  use  of  arrays  of  DASD  arc  today  resulting  in  data  rates  larger  by  a  factor  of  10  to 
20  or  higher,  I  he  combination  of  DRAM  w'ith  battery  back-up  (  Solid  St.ite  Disks')  also  offers 
a  way  by  which  higher  performance  disk-like  storage  may  be  achieved.  T'or  many  applications, 
though,  the  higher  cost  of  this  approach  generally  makes  widespread  use  difficult. 

I  hc  final  stage  in  the  storage  hierarchy  is  generally  that  of  so-called  archival  storage,  fhis 
is  generally  accomplished  using  magnetic  tape  devices,  fape  is  removable  and  non-volatile,  and 
provides  the  useful  solution  to  long  term  backup,  software  distribution,  etc.  More  recently,  in 
some  instances  writc-once  and  read-write  optical  devices  (optical  libraries')  may  begin  to  satisfy 
some  of  the  archival  tape-like  applications.  In  general,  the  data  rates  of  these  systems  arc  similar 
to  that  of  DASD,  with  capacities  up  to  a  terabyte  or  more  (due  to  the  removable  nature  of  the 
media). 


Spectral  Hole-Burning 

Ihc  first  proposal  for  information  storage  using  spectral  hole-burning  was  made  in  197,S 
(Ref  1).  Since  then,  a  number  of  reviews  have  been  waitten,  summari/ing  progress  in  the  field 
and  the  requirements  for  realizing  a  practical  system  (Refs.  2  4  })  ('urrcntly,  several 

laboratories  worldwide  arc  carrying  out  research  focussed  on  many  of  the  fundamental  problems 
yet  to  be  solved  to  realize  a  storage  device  which  may  be  compatible  with  computer 
architectures  (Ref.  4).  We  discuss  here  the  main  re(]uiremcnts  for  computer  systems  as  they  arc 
compared  with  hole-burning  s  potential  promises: 

1.  1  ligh  Speed 

With  the  advent  of  DASD  Arrays  offering  data  transfer  speeds  of  100  MB/scc  and  bevond.  it 
is  key  that  any  hole-burning  based  storage  system  must  oiler  an  easier  solution.  Recent  studies 
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ol  I)olc-bi)rning  in  the  lime  domain  irtay  he  an  important  pointer  to  the  hest  palli  to  take  to 
achieve  (iH/scc  rates  and  higlicr  (Ref.  5). 

2.  I  ligh  ('apacitv 

I’rom  the  first,  persistent  spectral  holc-biirning  has  ofl'ercd  tiic  possibility  for  wavelenglli 
multiplexed  information  storage  on  the  same  physical  spot  on  the  storage  material.  This  would 
allow  higher  areal  density  for  a  given  optical  system,  in  comparison  with  the  single  bit  per  spot 
of  magneto-optic  storage.  Progress  in  this  area  is  being  nuule  (Ref  6),  and  offers  the  hope  that 
a  system  w'hich  realizes  the  capacity  enhancement  from  the  ratio  of  the  inhomogeneous  to  the 
homogeneous  linewidths  may  someday  be  demonstrated.  Important  trade-offs  of  signal  to  noise 
ratio  versus  capacity  must  be  considered  in  detail,  as  well  as  suitable  signal  processing  and 
coding. 

3.  Nonvolatility 

In  the  last  few  years,  spectral  hole-burning  on  materials  at  temperatures  well  above  cryogenic 
temperatures  has  been  observed  (Ref  7)  Some  of  these  materials  or  their  derivatives  may  become 
technically  interesting.  However,  a  key  factor  for  constructing  a  practical  storage  device  based 
on  hole-burning  remains  the  development  of  a  suitable  material  which  is  stable  and  not  subject 
to  data  loss  because  of  loss  of' power,  cooling,  etc.  (Ref's  7  t  8) 

4.  Data  formatting 

An  important  feature  of  practical  storage  devices  is  the  manner  in  which  the  stored  information 
is  formatted  and  stored.  Most  all  devices  do  this  in  a  serial  manner,  for  example  on  a  disk  file 
a  data  record  block'  could  be  ,S|2  Bytes  long,  w'ith  data  stored  serially  along  the  track.  In  a 
spectral  hole-burning  storage  device,  it  would  probably  be  more  convenient  to  store  data  as 
parallel  images,  to  be  written  and  read  in  parallel.  .Some  groups  arc  currently  making  interesting 
progress  in  exploring  this  concept  (Ref  9). 

.^.  ('rosstalk 

I  he  integrity  of  stored  data  must  not  be  contaminated  by  the  information  stored  in  adjacent 
blocks'.  Interesting  concepts  arc  currently  being  explored  through  clever  optical  design  and 
processing  to  minimize  this  (Ref  10). 

6.  Cost 

fhe  ever  lowering  cost  of  storage,  both  for  semiconductors  and  magnetic  storage,  makes  this  a 
difllcult,  moving  target  for  an  alternative  technology  such  as  hole-burning  to  beat,  fhe  reduced 
costs  of  optical  components  and  the  proper  materials,  may  at  some  point  make  a 
holc-burning-bascd  solution  attractive.  It  w'iii,  however,  be  a  real  challenge  for  the  technology. 


SUMMARY 

Persistent  spectral  hole-burning  offers  the  possibility  for  use  in  mainline  computer  storage  with 
high  capacity  and  very  high  performance.  Many  serious  technical  problems  remain  to  be 
overcome  before  a  practical  operating  system  can  be  built.  During  this  time,  mainline 
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technologies  based  on  seinicoiulucOn s  ami  magnetic  recoixling  \\ill  continue  to  improve  in 
performance  and  cost.  Hie  challenge  for  hole-burning  uill  be  to  outpace  these  in  suitable 
application  areas,  particularly  those  involving  massively  parallel  storage. 
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Phthalocyanine  Lanngmuir  Blodgett  (LB)  films  represent 
ultra  thin  monomolecular  layers  with  molecules  in  tight 
contact.  Most  of  the  phthalocyanine  molecules  in  LB  films  are 
ordered  in  domains  where  they  occupy  well  defined  (parallel) 
positions.  There  is  also  a  minority  of  non-ordered  molecules 
in  off-domain  positions  in  LB  films.  This  fact  is  well 
documented  in  X-ray  diffraction  and  transmission  electron 
diffraction  [1].  Moreover,  significant  inhomogeneous  broadening 
of  absorption  spectra  of  LB  film  has  been  observed  (see  fig.l), 
in  comparison  with  absorption  spectra  of  isolated  molecules.  On 
the  other  hand  the  observed  fluorescence  is  very  weak, 
nevertheless  its  spectral  profile  well  corresponds  to  that  of 
isolated  molecules.  This  phenomenon  can  be  well  explained  on 
the  basis  of  strong  aggregation  and/or  fast  excited  energy 
transfer  (EET)  [2].  Persistent  hole  burning  (PHB)  (in 
fluorescence  excitation  spectra)  has  recently  been  applied  on 
LB  film  of  related  porphyrin  -  poly-hepty 1-cyanoacrylate  matrix 
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[3].  The  PHB  study  of  tetraaazoporphyr i n  in  LB  films  suggested 
this  EET  interpretation.  The  role  of  EET  in  free  base 
phthal ocyanines  was  also  discussed  in  [4]  together  with  the 
analysis  of  off-resonant  holes  in  fluorescence  spectra.  The  aim 
of  this  paper  is  to  determine  the  excited  state  lifetimes  T^^ 
strongly  influenced  by  fast  EET  from  PHB  measurements  (in 
fluorescence  excitation  spectra). 


r.OO  600  700  800 

Wavelenlgh  [nm] 


Fig.l  Absorption  (300  K)  -  1  and 
fluorescence  (4.2  K)  -  2  spectra 
of  H^-phthalocyanine  LB  film 


-25  0  25 


FREOUENCY  [GHz] 

Fig. 2  Persistent  hole  burned 
in  fluorescence  excitation 
spectrum  at  4.2  K 


The  studied  LB  films  (multilayers  of  20-50  monomolecular 
layers  on  quartz  plates  without  any  polymere  matrix)  were 
prepared  from  phthalocyanine  xylene  solutions  according  to  [1] . 
The  PHB  experiments  were  performed  on  an  apparatus  consisting 
of  a  cw  ring  dye  laser  and  an  optical  cryostat.  Fluorecence  was 
resolved  using  cut-off  and  interference  filters  along  with  a 
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cooled  photomultiplier  and  a  photon  counter.  The  burning 

wavelengths  have  been  tuned  into  the  maximum  of  the  absorption 

hand  616  nrn ) ,  fluorescence  was  detected  near  its  (0-0)  band 

maximum  (697-707  nm) .  The  scanning  intervals  of  the  excitation 

spectra  were  ^  100  GHz.  The  applied  burning  power  (P)  ranged 

~2 

from  0.1  to  10  mW.cm  ,  burning  exposition  times  (t)  from  30  to 
300  s.  Typical  PHB  spectrum  obtained  after  subtraction  of  the 
excitation  spectra  before  and  after  burning  is  presented  in 
fig. 2.  Fig. 3  shows  the  measured  holewidth  as  a  function  of 
burning  fluence  (P.t).  It  is  evident  that  the  obtaited 
holewidth  is  virtually  contant  within  the  whole  presented 
exposition  range.  The  holewidths  obtained  on  LB  films  at  4.2  K 
are  approx,  two  orders  of  magnitude  higher  than  those  observed 
on  isolated  phthalocyanines  in  polymeres  [5].  The  holewidth  0.7 
+  0.1  cm  ^  corresponds  to  the  relaxation  time  of  15  ps. 


Fig. 3  Holewidth  as  a  function  of  burning  fluence  P.t  at  4.2  K 
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This  relaxation  time  is  interpreted  as  a  rate  constant  (at 
4.2  K)  of  EET  from  doiiiains  io  non--order'ed  molecules  which  is  in 
agreement  with  results  obtained  in  ['/]  .  The  temperature 
dependence  function  of  the  hoiewidth  of  porphyrins  in  tight 
contact  [6,8]  differs  qualitatively  from  that  of  isolated 
porphyrins  in  amorphous  matrices.  This  function  depends 
strongly  on  geometrical  arrangement  of  the  molecules  (distance, 
orientation,  local  vibrations,  etc.)  and  is  subject  of  detailed 
theoretical  (based  on  the  Foerster  EET  model)  and  experimental 
(temperature  dependence  1.5-20  K)  study  (to  be  published). 


REFERENCES 

[1]  E.  Brynda,  L.  Kalvoda,  I.  Koropecky,  S.  Nespurek  and  J. 
Rakusan,  Synthetic  Metals  37  (1990)  327 

[2]  M.  Floersheimer  and  H.  Hoehwald,  Thin  Solid  Films  159 
(1988)  115 

[3]  J.  Bernard,  M.  Orrit,  R.I.Personov  and  A . D . Samoi 1 enko , 
Chem.  Phys.  Lett.  164  (1989)  377 

[4]  F.  Adamec ,  M.  Ambroz,  E.  Brynda,  J.  Dian,  M.  Vacha  and  J. 
Hala,  Proc.  SPIE  1402  (1990)  82 

[5]  G.  Schulte,  W.  Grond,  D.  Haarer,  R.  Silbey,  J.  Chem.  Phys. 
88  (1988)  679 

[6]  H.  van  der  Laan,  T.  Schmidt,  R.W.  Visschers,  K.J.  Visscher, 

R.  van  Grondelle  and  S.  Voelker,  Chem.  Phys.  Lett.  170  (1990) 

231 

[7]  I.  Yamazaki ,  N.  Tamai ,  T.  Yamazaki,  A.  Murakami,  M.  Mimuro, 
Y.  Fujita,  J.  Phys.  Chem.  92  (1988)  5035 

[8]  J.  Hala,  M.  Vacha,  J.  Dian,  O.  Prasil,  J.  Komenda, 
submitted  for  publication 


224  /  FE2-1 


Kinetics  of  Hole  Burning  in  Inhomogeneously  Broadened  Spectra; 
the  Origin  of  Nonexponentiality  and  Problem  of  Burning  Efficiency 
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High  inhomogeneous  broadening  of  impurity  spectra  in  amor¬ 
phous  media  reflects  one  type  of  dispersion,  characteristic  for 
disordered  systems:  dispersion  of  electionic  transition  frequen¬ 
cy.  In  principle,  there  can  exist  a  pronounced  dispersion  of  other 
parameters:  homogeneous  line  width  (F),  Debay -Waller  factor  (a), 
hole  burning  efficiency(<^),  etc.  The  problem  of  the  burning  effi¬ 
ciency  dispersion  (BED)  was  extensively  discussed  in  the  recent 
years  ([1-6]  and  references  therein).  The  nonexponentiality  of 
the  burning  kinetics  was  treated  in  some  publications  |l-3,6]  as 

an  evidence  of  such  dispersion.  But  burning  kinetics  is  always 
nonexponential  in  strongly  inhomogeneously  broadened  systems,  if 

a  burning  laser  line  width  Ai/i  is  much  less  then  F.  That  was 
found  experimentally  and  treated  theoretically  in  one  of  the 
first  publications  on  a  hole  burning  [7]  (see,  also  [8]).  All 
other  sources  of  the  nonexponentiality  are,  in  fact,  additional 
to  this  one.  So,  it’s  not  easy  to  attain  experimentally  the  BED 

parameters  on  such  background.  The  procedure  of  a  numerical  fit¬ 
ting  of  the  burning  kinetic  with  BED,  developed  in  [4,5],  is 
correct,  but  it  looks  unreliable  due  to  many  fitting  parameters. 

In  this  paper  we  describe  the  special  experimental  proce¬ 
dure,  eliminating  above  mentioned  ’’background”  source  of  nonexpo¬ 
nentiality  in  the  burning  kinetics.  Some  preliminary  results  of 

the  kinetic  measurements  on  systems  with  so  called  nonphotoche¬ 
mical  hole  burning  (NPHB)  are  presented. 
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Description  of  the  burning  kinetics  and  experiment. 

Let  U8  consider  a  simplified  case:  the  distribution  func¬ 
tion  of  impurity  centers  N(i/t))  is  much  broader  then  zero  phonon 

line  (ZPL)  (N(i^o)=const)  and  a  phonon  wing  is  very  weak  (a=l). 

The  hole  profile  is  the  convolution: 

D(i^,E)=jdi/o‘e(i^-i^o)*AN(M),E)  »  (1) 

were:  e{t/)  is  ZPL  profile,  AN(i/o,E)=No  -  N(m),E),  and  E  = 

(h*t  is  a  burning  fluence). 

Let  us  neglect  the  back  reaction  and  consider  two  limiting 

cases: 

1)  Laser  line  is  much  n2iiTower  than  ZPL:  P/  <  P  (situation, 
typical  for  hole  burning  experiments  ).  It  is  easy  to  show  then: 

D(j/,E)  ~  const*jdj/0‘e(i'-i^)‘{l-exp[-E*e(*/o-M))}  .  (2) 

Burning  kinetics  is  strongly  nonexponential  in  this  case. 

2)  Laser  line  is  much  broader  then  ZPL  (P/  ^  P): 

D(i/,E)  const*{l-exp[-E*v?(*'/->^))}  »  (3) 

were  is  the  exciting  laser  line  profile.  Burning  kinetics  in 

this  case  is  exponential.  It  is  preferable  to  realize  such  expe¬ 
rimental  scheme  in  a  searching  for  above  mentioned  dispersion  of 
parameters  . 

Experiments  were  performed  on  Mg-tetrazaporphin  in  ethanol 
solution  at  4.2  K.  The  peak  hole  depth  was  registered  as  a  func¬ 
tion  of  a  burning  time  at  constant  laser  power  in  two  different 
modes:  with  relatively  broad  (P/  2.5  cm"^),  and  narrow 
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(Fj  csf  0.01  cm"^)  laser  line.  Home  made  dye  laser  with  R-6G,  pum> 
ped  by  Ar*-ion  laser  (ILA-120),  was  used  in  experiments.  Typical 
results  are  presented  on  Fig.l. 


Fig.l.  The  kinetics  of  the  peak  hole  depth  ^wth: 

a)  burning  laser  line  width  ^=2,5  cm~\  registration  system 
resolution  ^=0.5  cm"\  burning  power  density  P2;0.2  mW/cm*. 

b)  burning  laser  line  width  and  registration  system  resolution 
^=0.01  cm"^  burning  power  density  P~5  ^W/cm^. 

The  circles  are  experimental  points.  The  full  lines  correspond  to 
the  fitting  curve:  A{l-exp(-Bt)},  where  A  and  B  2ire  least  square 
fitting  parameters.  Ibe  deviation  from  the  fitting  model  is  de¬ 
picted  in  the  lower  part  of  the  figure. 
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The  hole  growth  kinetics  for  the  broad  band  burning  is  exponen¬ 
tial  within  the  limits  of  the  experimental  accuracy.  The  kinetics 
for  narrow  band  burning  is  definitely  nonexponential,  as  had  been 
expected  in  accordance  with  (2). 

Exponential  curve  on  Fig.  la)  testifies  for  the  absence  of  a 
pronounced  BED.  This  result  is  nontrivial  for  the  system  with 
NPHB.  Efficiency  of  NPHB  depends  strongly  on  matrix.  It  was  ex¬ 
pected,  that  a  high  disorder  of  glassy  matrix  should  lead  to  a 
noticeable  BED.  This  experiment  shows  that  an  influence  of  the 
BED  on  the  burning  kinetics  on  the  Mg-tetrazaporphin/ethanol  sys¬ 
tem  is  at  least  one  order  of  magnitude  less,  than  the  influence 
of  the  inhomogeneity  (Eq.(2)).  Now  experiments  are  in  progress  on 
other  objects,  where  a  more  pronounced  BED  is  expected. 
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Spectral  diffusion  decay  for  strongly  interacting  spins  in  glasses 
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Thermal  properties  of  glasses  are  successfully  described  with  a  model  consisting  of  two-level 
systems  (spins)  coupled  to  a  phonon  bath  [1],  [2].  In  most  treatments,  it  is  assumed  that 
the  spin-phonon  interaction  is  weak.  However,  recent  detailed  examinations  have  revealed 
that  this  assumption  is  not  justified  [3]  and  that,  therefore,  the  spin-phonon  interaction  is 
important  for  understanding  physical  properties  of  glassy  materials  [4],  [5].  In  this  paper, 
we  examine  the  implications  of  strong  spin-phonon  interaction  on  the  spectral  diffusion  [6]. 

In  the  strong  coupling  limit,  the  spins  are  dressed  with  virtual  phonons  and  interact  with 
each  other  like  electric  dipoles  [7], 


n 


int 


(1) 


where  denotes  the  spatial  distance  between  the  spins  labeled  k  and  I,  and  c?  has  the 
components  <t^,  u  =  x,y,z.  Following  Klauder  and  Anderson  [6],  we  retain  the  cr^cTj  terms 
in  Eq.  (1)  to  define  the  locjd  field  at  site  A;, 

(2) 


The  local  fields  renormalize  the  energy  splittings  between  upper  and  lower  spin  states. 


(3) 


Because  the  spin-phonon  interaction  is  assumed  to  be  strong  the  local  fields  are  much 
larger  than  the  bare  level  splittings  E*'  and  thereby  dominate  the  energy  scale. 

The  local  fields  change  due  to  spin  flips  induced  by  the  residual  spin-phonon  interaction. 
For  strongly  interacting  spins,  the  spin-phonon  relaxation  rates  depend  on  the  local  fields, 
and  the  spectral  diffusion  has  to  be  determined  in  a  selfconsistent  way. 

In  the  standard  terminology  [6],  spins  which  have  the  same  value  Hq  of  the  initial  local 
field  at  time  t  =  0  are  called  “A-spins,”  and  are  distinguished  from  all  others  (“H-spins”). 
In  an  inhomogenously  broadened  line,  H-spins  outnumber  A-spins.  The  spectral  diffusion 
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is  the  conditional  probability  Hq,0)  that  the  local  field  has  value  H  at  time  t  if  that 

value  was  Ho  at  time  t  =  0;  it  contains  the  statistical  properties  of  the  local  fields  only. 
However,  the  yl-spins  all  have  different  local  environments.  Therefore,  the  spectral  diffusion 
is  calculated  by  first  considering  the  stochastic  process  H{t}  at  the  site  of  an  ^-spin,  and 
then,  in  the  second  step,  averaging  over  all  different  local  environments  of  /l-spins.  That 
is,  the  spectral  diffusion  is  defined  for  an  average  /l-spin  whose  local  field  is  a  macroscopic 
variable.  This  leads  to  a  separation  of  time  scales:  the  individual  spins  relax  to  thermal 
equilibrium  much  faster  than  macroscopic  local  fields  change. 

Thus,  for  calculating  the  spectral  diffusion,  in  Eq.  (2),  we  replace  the  spin  variables  by 
quantities  averaged  over  a  short  time  interval  [t,t  +  6<], 

(‘‘I 

l^tk  ^kl 

&‘{t)  =  drcT^ir).  (5) 

The  time  averaged  quantities  (T*'(t)  are  given  by 

where  are  equilibrium  expectation  values  of  cr^, 

=  tanh  )  .  (U 

and  ^cT*'(t)  are  small  deviations  thereof.  Correspondingly,  the  local  fields  split  into  slowly 
varying  parts  H^{t)  and  rapidly  varying  fluctuations 

+  (8) 

We  show  elsewhere  [8]  that  the  small  fluctuations  can  be  modelled  by  Gauss- Markov  pro¬ 
cesses  which  are  completely  specified  by  their  mean  values,  <  bH^{t)  >=  0,  and  correlation 
functions, 

<  [bH\t  +  At)  -  8H\t)]  [8H‘(t  +  At)  -  8H‘{t)]  >=  8'^‘D,At.  (9) 

Here,  6^'  is  the  Kronecker  symbol,  and  D,  is  the  short  time  diffusion  constant  which  in  this 
treatment,  is  a  parameter  dependent  on  temperature.  The  temporal  changes  in  the  slowly 
varying  parts  H^{t)  come  about  by  those  in  the  spin  expectation  values  which, 

in  turn,  depend  on  the  spectral  diffusion.  That  is,  the  spectral  diffusion  is  determined  in  a 
selfconsistent  way.  More  specifically,  we  assume  a  Gaussian  distribution. 


iv{t) 


p{H,t;Ho,0)  = 


1 

r— exp 

nwit) 


(10) 
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and  solve  selfconsistently  for  the  width  w{t). 
The  spectral  diffusion  is  given  by 


l^k 


Here,  <<  •  >>  denotes  the  average  over  both  the  short  time  fluctuations  {6H'{T)}i^k, 
0  <  r  <  t,  and  long  time  fluctuations  {H‘{T)}i^k,  0  <  r  <  t,  subject  to  the  initial  condition 
Ho  =  (H‘[0)).  We  insert  the  Fourier  representation  of  the  6-function,  and 

truncate  a  cumulant  expansion  after  the  second  term.  Assuming  an  identical  distribution 
p{H{0))  for  the  initial  local  fields  at  all  spin  sites  and  a  uniform  spatial  distribution  of  spins, 


we  find 


;(0  =  A  l^dr  P^dHopiHo)  P^dHp{H,T- Ho,0) 


Here,  the  prime  denotes  the  derivative  with  respect  to  the  argument  and  A  =  87r7^£),n/3r^j„, 
where  n  is  the  density  of  spins  and  r^in  is  the  shortest  distance  between  neighboring  spins. 
Eqs.  (10)  and  (12)  determine  the  temporal  behavior  of  the  width  w{t). 

For  simplicity,  we  set  the  bare  level  splittings  equal  to  zero,  E'‘  =  0.  We  choose  for  the 
distribution  of  the  initial  local  fields  two  Gaussians  centered  at  Ho  and  —Ho,  respectively. 


piHo)  = 


exp  - 


(Ho  -  Ho) 


+  exp  - 


(Ho  4-  Ho) 


Thus,  the  width  w{t)  depends  on  the  three  parameters  T,  Ho,  and  u. 

In  the  high  temperature  limit,  T  —>■  oo,  the  width  increases  linearly  in  time. 

So  that  in  agreement  with  the  results  of  Klauder  and  Anderson  [6],  the  conditional  probability 
p(H,  t;Ho,0)  decays  diffusively.  We  note  that  the  high  temperature  result  is  independent 
of  the  distribution  of  the  initial  local  fields.  This  changes  drastically  in  the  case  of  low 
temperatures  to  which  we  now  proceed. 

In  the  case  in  which  Ho  >>  2T  and  <<  2T  (in  suitable  units),  we  find 


tv(t)  =  T*ln 


1  -  (4A/T2)exp  [-  (2Ho/T  -  u/T^)j  t  j  ’ 


0  <  t  <  ti. 


where  <i  is  determined  by  Jw{ti)  +  u  =  Ho  —  2T.  For  <  >>  fi,  we  find 


t  oo. 
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That  is,  the  local  fields  remain  narrowly  distributed  for  long  times,  and  then  spread  v^rv 
fast  during  a  short  time.  Asymptotically,  Ho,0)  decays  more  slowly  than  diffusively. 

For  the  two  other  cases,  Ho  <<  2T,  y/u  <<  2T  and  y/n  >>  2T,  we  find  a  crossover  from 
a  diffusive  regime  for  short  times,  w{t)  oc  f,  f  — *  0,  to  a  subdiffusive  regime  for  verv 
times,  w{t}  oc  f  >  oo.  A  more  detailed  discussion  is  given  in  [8]. 

In  summary,  we  examined  carefully  the  relevant  time  scale  for  dephasing  experiments  in 
glasses.  At  low  temperatures,  strong  spin-phonon  coupling  leads  to  deviations  from  simple 
diffusive  behavior  of  the  local  fields.  In  a  certain  region  of  parameter  space,  a  large  part  of 
the  spectral  diffusion  decay  occurs  during  a  short  time. 

Acknowledgments:  One  of  us  (U.Z.)  gratefully  acknowledges  financial  support  from  the 
Swiss  National  Science  Foundation. 
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Electro  -  Optical,  Multi-Stable  Switches 
Based  on  Persistent  Spectral  Holes 
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State  University  of  New  York,  Stony  Brook,  NY  11794-3400 

51&-632-7884 

Photochemical  or  photophysical  transformations  induced  by  highly 
monochromatic  laser  radiation  can  drastically  reduce  the  concentration  of 
molecules  absorbing  at  a  particular  wavelength  within  an  inhomoge- 
neously  broadened  absorption  band.  These  spectral  holes  can  be  broad¬ 
ened,  removed,  shifted  or  split  by  the  application  of  an  external  electric 

field  under  appropriate  conditions.  This  property  provides  a  nonlinear 
response  in  sample  transmission,  absorption,  or  diffraction  and  can  be 
coupled  with  feedback  to  produce  novel  electro-optical  devices.  These 

devices  include  electrically  activated,  frequency  selective,  monostable, 
bistable,  or  multistable  switches. 

The  most  novel  of  these  devices  utilizes  a  holographic  grating  pro¬ 
duced  by  spectral  hole  burning  to  provide  frequency  selectivity.  The 
grating  only  exists  for  light  in  a  small  range  of  frequencies  determined  by 
the  hole  linewidth.  This  range  of  frequencies  can  be  tuned  by  an  applied 
electric  field.  With  the  field  off  and  the  laser  tuned  away  from  the  spectral 
hole,  no  diffraction  occurs.  When  the  field  is  switched  on,  the  hole  is  tuned 
into  resonance  with  the  laser,  the  grating  is  formed,  and  the  diffracted 

beams  appear.  The  intensity  of  the  diffracted  beams  can  be  modulated  by 
varying  the  frequency  separation  between  the  hole  center  and  the  laser. 
This  frequency  tunable  grating  can  be  incorporated  into  an  optical  wave¬ 

guide  to  couple  light  into  or  out  of  the  guide  or  to  switch  the  light  from  one 
guide  to  another.  This  tunable  switch  can  separate  and  direct  light  beams 

of  different  frequencies  by  varying  the  voltage  that  is  applied  to  tune  the 

spectral  hole. 

A  bistable  electro-optical  switch  can  be  produced  by  using  the 
intensity  of  the  diffracted  beam  in  a  feedback  loop  to  adjust  the  voltage 

that  is  applied.  This  feedback  causes  the  intensity  of  the  diffracted  beam 
to  be  a  nonlinear  and  multi-valued  function  of  input  intensity.  Conse¬ 
quently  the  output  intensity  can  be  either  high  or  low  for  a  given  input 

intensity  depending  upon  whether  the  switch  is  set  high  or  low  (bistable) 
by  a  prior  light  pulse.  By  suitably  adjusting  the  spectral  profile  of  the  hole, 
similar  multi-valued  switches  can  be  produced. 

The  principles,  feasibility,  and  practicality  of  these  devices  are 
described  along  with  experimental  results. 
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Marker  Mode  Structure  in  the 
Primary  Donor  State  of  Bacterial  Reaction  Centers 
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T.J.  DiMagno  and  J.R.  Norris 

Department  of  Chemistry ,The  University  of  Chicago  Chicago,!!  60637  (U.S.A.)  (515)702-9646 

Underlying  structure  for  the  primary  donor  absorption  profiles  of  isolated  reaction 
centers  Rhodopseudomonas  viridis  and  Rhodobacter  sphaeroides  (1^60  and  P870)  has 
recently  been  uncovered  by  transient  hole  burning  experiments  [1].  A  Franck-Condon 
progression  of  an  intermolecular  special  pair  marker  mode  (oo^p)  was  found  to  originate 
in  the  low  energy  shoulder  of  the  absorption  spectra  and  peak  at  the  one  quantum 
transition.  The  theory  of  Hayes  and  Small  [2]  for  fitting  hole  burned  spectra  was 
extended  to  include  the  coupling  of  the  marker  mode.  Briefly,  the  theory  defines  a  single 
site  absorption  function  as  being  made  up  of  a  sum  of  0-,l-,...  phonon  lineshape  functions 
composed  of  a  gaussian  distribution  for  the  low  energy  side  and  a  lorentzian  for  the  high 
energy  side.  By  constructing  a  gaussian  distribution  whose  full-width  at  half  maximum 
is  equal  to  the  inhomogeneous  broadening  and  convolving  with  the  single  site  absorption 
function,  the  absorption  spectrum  is  obtained.  By  further  convolving  these  functions  with 
an  exponential  decay  function  of  the  single  sites  centered  at  the  bum  frequency  the 
absorption  spectra  after  burning  a  time  x  is  obtained.  Important  parameters  include  the 
Huang-Rhys  factor  for  the  phonons  and  marker  mode  S,S5p,  the  mean  phonon  frequency 
(Oj^,  the  marker  mode  frequency  oo^p,  the  width  of  the  one  phonon  profile  F,  the  zero- 
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phonon  width  y,  and  the  inhomogeneous  broadening  Fj.  Most  of  the  parameter  values 
required  in  the  fit  can  be  obtained  from  experiment.  An  important  test  for  the  theory  is 
how  well  it  can  account  for  the  bum  wavelength  dependence  of  the  hole  spectrum. 

The  above  experiments  on  bacterial  reaction  centers  were  extended  in  this  study  to 
include  the  fully  deuterated  wild  type  Rb.  sphaeroides  and  also  a  series  of  mutants  of  Rb. 
capsulatus  (mutations  at  positions  M208  and  LI  81). 

Hole  burned  spectra  along  with  the  respective  fits  for  the  deuterated  reaction  centers 
of  Rb.  sphaeroides  are  shown  in  the  figure.  The  parameters  found  to  fit  the  data  are 
S=2.2,  S5p=1.0,  a)jjj=25cm'^  C0jp=125cm‘*,  ^=20cm*^  Y=5cm‘^  and  rj=130cm'*.  These 
can  be  compared  to  the  parameter  values  for  protonated  Rb.  sphaeroides:  S=2.2,  S5p=1.5, 
co^=30cm'*,  0)5p=l  15cm'*,  r=30cm**,  ^5cm  *,  rj=170  cm'*.  Even  though  some 
differences  exist  in  the  parameters,  fits  for  the  protonated  reaction  center  obtained  with 
the  deuterated  parameters  are  similar  to  the  published  spectra  (not  shown).  In  fact,  the 
only  significant  difference  is  in  the  inliomogeneous  broadening.  This  result  strengthens 
the  dynamical  interpretation  of  the  marker  mode  as  a  localized  low  frequency 
intemiolecular  vibration  of  the  special  pair  primary  electron  donor  since  deuteration  would 
be  expected  to  have  a  small  effect  on  such  a  mode. 

Mutants  of  bacterial  reaction  centers  have  impoitance  in  determining  how  electron 
transfer  proceeds  in  the  reaction  center  by  inducing  small  changes  to  the  structure  which 
can  be  compared  to  wild  type.  Preliminary  studies  are  in  progress  in  our  lab  on  P870  of 
the  reaction  center  mutants  of  Rb.  capsulatus.  As  for  the  above  bacterial  reaction  centers, 


these  mutants  also  show  evidence  for  marker  mode  structure.  However  this  stmcture  is 
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far  less  pronounced  than  observed  for  P96()  and  P870  of  Rps.  viridis  and  Rb.  sphaet  aides, 
which  may  indicate  that  oo^p  <  1 10  cm  *.  Zero-phonon  holes  were  seen  for  some  of  these 
mutants,  however  more  experiments  are  needed  to  characterize  there  depths  and  intensities 
for  comparison  with  ultra-fast  spectroscopic  studies  [3].  Differences  in  the  low 
temperature  spectra  are  seen  and  fits  are  under  way  to  characterize  the  hole  burning 
parameters. 


Calculated  and  Experimental  hole  spectrum  for  the  deuterated  reaction  center  of  Rb. 
sphaei  aides.  The  spectrum  on  the  left  is  for  the  bum  wavelength  on  the  low  energy  side 
of  the  primary  donor  absorption  profile  and  the  spectrum  on  the  right  is  for  the  bum 
wavelength  shifted  ~  400  cm  *  to  higher  energy. 


1  Johnson,  S.;  Tang,  D;  Jankowiak,  R.;  Hayes,  J.M.;  Small,  G.J.  and  Tiede,  D.M.  (1990) 
J.  Phys.  Chem,  94,  5849-5855. 

2  Hayes,  J.M.;  Gillie,  J.K;  Tang,  D.;  Small,  G.J.  Biochim.  Biophys.  Acta  932  (1988), 
287-305. 

3  Chan,  C-K;  Chen,  L.  X-Q;  DiMagno,  T.J.;  Hanson,  D.K.;  Nance,  S.L.;  Schiffer,  M.; 
Norris,  J.R.  and  Fleming,  G.R.  (1991)  Chem.  Phys.  Lett.  176,  366-372. 


236  /  FE6-1 


SOLVATION  EFFECTS  OF  ORGANIC  DYES  IN  POLYMERS: 
WAVELENGTH  DEPENDENCE  OF  THE  STARK  EFFECT 
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The  wavelength  dependence  of  the  electric  field  effect  on  holes  burnt  in  the 
absorption  spectrum  of  nile  red  (NR)  and  cresyl  violet  (CV)  in  polyvinylbutyral 
(PVB)  and  polyvinylformal  (PVF)  films  has  been  investigated.  The  holes  were 
detected  using  the  holographic  method  [1]. 

Fig.1  shows  a  three  dimensional  surface  plot  of  a  holographically  detected 
hole  burnt  in  the  absorption  spectrum  of  NR  in  PVB.  The  hole  was  burnt  in  the 
centre  of  the  frequency  tuning  range  with  no  externally  applied  electric  field.  The 
plot  was  constructed  from  a  sequence  of  external  electric  field  scans  at  varying 


FIGURE  1.  Stark  effect  on  a  hole  burnt  using  the  parallel  geometry  at  600 
nm  and  at  zero  electric  field  in  the  NFt/PVB  system  at  1. 7  K. 
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frequency  offsets.  A  cut  parallel  to  the  frequency  axis  shows  the  hole  profile  at  the 
corresponding  electric  field  strength.  The  external  electric  field  was  applied 
parallel  to  the  polarisation  of  the  laser  light  and  so  the  splitting  of  the  hole 
indicates  a  small  angle,  0,  between  the  effective  dipole  moment  difference  and  the 
transition  moment  [2].  In  this  case,  when  the  external  field  is  applied  perpendicular 
to  the  laser  polarisation  the  hole  broadens  but  does  not  split. 

From  these  two  sets  of  Stark  effect  data,  the  effective  magnitude  of  the 
molecular  dipole  moment  difference  between  the  ground  and  the  excited  state, 
Ape,  can  also  be  determined  [3].  This  contains  contributions  from  the  isolated 
molecular  dipole  moment  difference,  Api^),  and  a  matrix  induced  part.  In  previous 
investigations  [2],  the  matrix  induced  contributions  were  described  by  the  mean 
value  of  an  isotropic  distribution. 

In  the  case  of  NR  in  PVB,  however,  fits  of  the  sets  of  data  to  the  theoretical 
functions  [2]  for  each  orientation  could  be  made  using  a  single  parameter  to 
represent  Apg.  The  value  of  Apg  was  found  to  vary  with  wavelength,  from  4.1  at 
61 0  nm  to  4.7  at  580  nm  (fig.  2),  while  6  was  constant  {0=23±2°). 

The  dependence  of  Ape  upon  wavelength  is  an  indication  of  the  effect  of  the 
matrix  on  the  molecular  dipole  moment  difference.  NR  is  a  dye  which  shows  large 
solvent  shifts  dependent  on  the  polarity  of  the  solvent,  the  transition  energy 
decreasing  with  increasing  solvent  polarity,  suggesting  that  NR  has  a  large  value 
of  Api^.  Semi-empirical  CNDO  calculations  show  that  NR  also  has  a  large  ground 
state  dipole  moment  of  6  D.  This  dipole  moment  causes  local  orientation  of  the 
impurity  environment  and  thus  local  fields  are  strongly  correlated  with  the 
orientation  of  the  guest  molecules.  The  dipole  moment  decreases  with  the 
strength  of  the  interaction  indicating  that  the  matrix  induced  part  of  Apg  points  in 
the  opposite  direction  to  the  purely  molecular  part.  This  also  explains  the  lower 
value  of  Apg  observed  when  the  host  matrix  is  changed  to  PVF  (fig.  2)  which  has 
a  larger  dielectric  constant  (e=3.4)  than  PVB  (e=3.0).  In  PVF,  the  Debye-Waller 
factor  of  NR  is  relatively  small,  making  observation  of  the  zero-phonon  line 
difficult.  For  this  reason,  the  Stark  effect  was  investigated  at  only  one  wavelength. 
At  602  nm  the  measured  dipole  moment  difference  is  3.9  D  and  the  angle  0  is  the 
same  as  in  PVB. 

The  same  procedure  was  performed  for  CV  in  the  two  host  matrices.  The 
effective  dipole  moment  difference  was  again  found  to  decrease  with  increasing 
wavelength  (fig.  2)  but  a  distribution  of  matrix  induced  dipole  moments  had  to  be 
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FIGURE  2.  Wavelength  dependence  of  the  effective  molecular  dipole  moment 
difference  for  CV  in  PVB  (X)  and  PVF  (+)  and  for  NR  in  PVB  (A) 
andPVFiU). 

introduced  to  tit  the  data.  The  magnitude  of  the  mean  value  of  the  distribution 
increased  with  increasing  wavelength.  When  the  dielectric  constant  of  the  host 
polymer  was  increased,  from  PVB  to  PVF,  the  magnitude  of  the  mean  value  of  the 
distribution  again  increased  whilst,  as  for  NR,  Ape  was  found  to  decrease. 

In  previous  studies  [2],  a  three-dimensional  isotropic  distribution  of  matrix 
fields  was  used  to  fit  Stark  effect  data  in  similar  systems.  However,  the 
wavelength  dependence  of  the  effective  molecular  dipole  moment  difference 
indicates  that  such  an  isotropic  distribution  of  matrix  induced  dipole  moments 
does  not  describe  the  studied  systems  properly.  The  hole  splittings  for  CV  show 
that  the  induced  dipole  moment  is  larger  in  the  red  part  of  the  spectrum.  As  a 
consequence,  the  sum  of  the  distribution  of  induced  dipole  moment  differences 
must  point  in  the  direction  opposite  to  Api^i.  The  larger  spread  of  induced  dipole 
moments  observed  for  CV  in  PVF  suggests  that  the  anisotropy  of  the  local  fields  is 
stronger  than  in  PVB,  in  agreement  with  the  relative  dielectric  constants  of  PVB 
and  PVF.  Similarly,  the  large  isotropy  of  the  induced  dipole  moment  observed  for 
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CV  is  explained  by  the  smaller  ground  state  dipole  moment,  1  D  from  CNDO 
calculations. 

However,  the  magnitude  of  the  induced  dipole  moment,  Apj  (=|A)I|^-Ajlel), 
depends  on  the  local  electric  field  and  on  the  polarisability  difference  between  the 
excited  and  the  ground  state  of  the  molecule.  The  transition  energy  of  the 
molecule  also  depends  on  the  local  field.  This  is  the  reason  why  Apj  varies  with 
transition  energy.  According  to  a  simple  electrostatic  model  [4],  Apj  is  given  by; 

Apj  =  -Ap^/i  +  (Api^^  -  2.AoiAa.h.c)''^ 

where  Aco  is  the  frequency  shift  of  the  transition  and  the  isotropic  polarisability 
difference  is  given  by  Aa.  Hence,  for  equal  values  of  Aco  and  Aa,  the  induced 
dipole  moment  difference  is  smaller  for  molecules  with  larger  Apm-  explains 
the  smaller  change  with  wavelength  of  Ap.^  in  NR.  Finally,  from  the  wavelength 
dependence  of  Ap;,  it  is  possible  to  estimate  the  polarisability  difference.  The 
values  obtained  for  CV  and  NR  are  in  good  agreement  with  those  measured  for 
similar  molecules  using  different  [5]  or  similar  [6]  techniques. 

The  variation  of  molecular  parameter  magnitudes  with  wavelength  is 
expected  to  be  a  general  phenomenon  for  guest  molecules  In  amorphous  hosts 
and  a  fuller  model  will  be  published  elsewhere  [4].  An  understanding  of  this  effect 
is  important  for  the  development  of  a  molecular  computer  [7]. 
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Summary 

Recently  we  have  reported  studies  of  low-temperature  spectroscopy  of  a  series  of 
polyacene  photoadducts.  A  principal  technique  has  been  that  of  photochemical  hole  burning  at 
1 .5K.  The  photochemistry  involves  the  photodecomposition  of  the  adduct  back  to  the  constiuent 
polyacenes.  In  the  present  paper  we  extend  this  work  on  the  photophysics  and  photochemistry  of 
AT  and  also  report  new  results  on  BrAT. 

For  AT,  photodecomposition  occurs  in  Si  over  a  relatively  high  barrier,^’^  typically  at 
temperatures  >200K  or  at  high  excess  excitation  energies  (A.  <  280  nm).  Decomposition  may  also 
occur  from  upper  triplet  or  singlet  states,  well-above  the  energies  of  the  lowest  excited  states  in 
these  manifolds. 

Intersystem  crossing  from  the  Si  state  of  AT  occurs  at  room  temperature  with  a  reported 
yield^  of  0.53.  The  Ti  state,  however,  is  not  dissociative.  The  present  paper  shows  conclusively 
that,  at  low  temperatures,  photodecomposition  of  AT  and  BrAT  occurs  predominantly  by 
absorption  of  a  second  photon  by  the  T i  state,  thereby  exciting  a  dissociative  Tn  state. 

Samples  were  prepared  as  previously  described^'^  by  photochemical  synthesis  of  AT  and, 
in  an  analogous  fashion,  BrAT.  After  purification  by  recrystallization,  these  molecules  were 
blended  into  PMMA  matrices  to  form  sample  films.  Photochemical  hole  burning  experiments  were 
carried  out  on  these  films  by  immersing  them  in  liquid  helium  at  1.5K  or  4.2K.  Frequency- 
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doubled  dye  lasers  were  used  as  excitation  sources  with  bandwidths  ranging  from  0.1  to  5  cm  *. 
Action  spectra  for  enhancement  of  hole  burning  were  obtained  by  burning  spectral  holes  in  the  uv 
while  using  a  different  second  color  in  each  experiment. 

Fluorescence  spectra  were  obtained  with  a  commercial  spectrofluorimeter  at  ~1  nm 
resolution.  Sample  films  were  typically  held  at  12K  in  a  closed  cycle  refrigerator.  Fluorescence 
lifetimes  were  obtained  using  -500  ps,  frequency-doubled  dye  laser  pulses  for  excitation.  Triplet- 
triplet  absorption  spectra  for  comparison  with  the  two-color  hole  burning  action  spectra  were 
obtained  with  a  diode  array  spectrophotometer. 

Photochemical  Hole  Burning 

AT  undergoes  PHB  when  irradiated  on  the  red  edge  of  the  0-0  absorption  band.  *’2  In  the 
present  work,  we  were  able  to  burn  a  relatively  deep  hole  in  this  band  and  to  observe  broad 
antiholes  to  the  red  of  the  absorption  band  as  well  as  weak  satellite  holes  to  the  blue  of  the  zero 
phonon  hole.  The  anti-holes  were  readily  assigned  to  anthracene  and  tetracene  absorption  due  to 
photodecomposition  of  the  AT.  The  hole  area  in  the  AT  spectrum  due  to  photolysis  gave  rise  to  an 
equal  amount  of  tetracene  produced,  confirming  the  photochemical  nature  of  these  holes. 

Satellite  holes  to  the  blue  of  the  zero  phonon  hole  may  be  assigned  to  vibronic  levels  in 
the  Si  state.  Excited  vibrational  states  were  clearly  observed  at  709±4  cm'*,969±4  cm'*  and 
1387±4  cm'*  above  the  origin  hole.  These  vibrations  may  be  assigned  to  an  in-plane  skeletal 
distortion,  an  in-plane  bend,  and  a  C-C  stretch  of  the  naphthalene  chromophore,  respectively. 

Two-color  PHB  experiments  were  performed  on  AT  and  BrAT.  At  low  repetition  rates 
(0.17  Hz)  a  gating  efficiency  of  5  was  obtained  for  AT  irradiating  with  440-nm  light  while 
photolyzing  in  the  UV.  Similar  results  were  obtained  with  BrAT. 

Gating  efficiencies  were  also  obtained  at  several  different  wavelengths  of  the  second  color. 
The  action  spectrum,  although  noisy,  peaks  at  -440  nm  for  both  AT  and  BrAT,  similar  to  the  T-T 
absorption  spectrum  described  below. 
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The  above  results  strongly  favor  a  two-photon  decomposition  mechanism  at  low 
temperatures.  The  first  photon  is  absorbed  in  an  Si  <— So  transition  while  the  second  excites  a 
Tn  4— Ti  absorption  with  an  intervening  intersystem  crossing  step.  To  confirm  this  mechanism,  we 
carried  out  an  experiment  in  which  both  photons  were  of  the  same  color  (-326  nm)  and  determined 
the  hole  burning  rate  vs.  source  intensity.  In  a  constant  energy  experiment,  a  two-photon  process 
is  expected  to  give  a  linear  dependence  on  intensity  while  a  one-photon  process  should  show  no 
intensity  dependence.  However,  in  the  present  instance,  a  triplet  bottleneck  gives  a  different 
intensity-dependent  hole  depth.  A  quantitative  model  is  developed  for  this  case  and  is  compared 
with  experimental  results  on  AT.  Only  the  two-photon,  triplet-triplet  absorption  mechanism  agrees 
with  the  experimental  results. 

Emission  Spectra  and  Kinetics 

Fluorescence  and  phosphorescence  spectra  of  AT  and  BrAT  in  PMMA  film  at  15K  were 
obtained.  Both  showed  emission  spectra  due  to  the  naphthalene  chromophore.  The  AT 
fluorescence  intensity  was  much  stronger  than  that  of  the  phosphorescence  under  conditions  of 
steady  state  illumination.  For  BrAT,  the  reverse  was  true  due  to  the  heavy  atom  effect  of  the 
nearby  bromine  atom. 

The  heavy  atom  effect  also  influenced  the  emission  lifetimes.  For  AT,  the  fluorescence 
lifetime  was  60±4  ns  while  for  BrAT  it  was  18.411.5  ns.  The  phosphorescence  lifetimes, 
measured  at  15K,  were  3.2()±0.03s  for  AT  and  I.19±0.04s  for  BrAT. 

Triplet-Triplet  Absorption  Spectra 

The  T-T  absorption  spectra  of  AT  and  BrAT  were  obtained  and  compared  with  T-T 
absorption  spectra  of  2,3-dimethylnaphthalene.  All  3  spectra  show  the  same  vibronic 
development,  and  they  all  peak  in  the  visible  at  -440  nm.  From  these  spectra,  the  fractional  triplet 
state  population  of  AT  could  be  determined.  This  information  allowed  us  to  calculate  the 
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intersystem  crossing  quantum  yield  which,  for  AT,  turns  out  to  be  Oj^c  =  0.77  at  15K.  1  his  gives 
a  radiative  lifetime  for  AT,  using  the  fluorescence  lifetime,  of  Trad  >  260  ns,  in  reasonable 
agreement  with  the  published  value  for  2,3-dimethylnaphthalene^  (205  ns). 
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Photon  echo  measurements  made  at  2  °K  on  the  3H4  -  ID2  transition  in  Pr3+;LaF3  show 
that  magnetic  dipolar  couplings  between  the  Pr  and  F  nuclei  account  for  the  56  kHz 
homogeneous  linewidth  of  this  transition.'  The  homogeneous  broadening  arises  from  the 
enhanced  '‘♦'Pr  nuclear  moment  (1=5/2)  interacting  with  the  local  field  fluctuations  of  the 
'^F  nuclear  moments  undergoing  mutual  spin  flip  transitions.  Such  resonant  fluctuations 
should,  in  the  absence  of  a  fluorine  spin  diffusion  barrier,  produce  a  homogeneous 
linewidth  of  about  200  kHz  which  is,  in  fact,  roughly  what  is  observed  for  the 
inhomogeneous  broadening  of  the  Pr2+  hyperfine  levels  and  is  considerably  broader  than 
that  obtained  by  the  photon  echo  measurements.  Shelby  et  al  ^  proposed  a  simple  model 
analogous  to  the  spin  diffusion  barriers  responsible  for  narrowing  the  homogeneous  lines 
in  certain  electron  paramagnetic  resonance  transitions^.  In  such  systems,  the  field 
produced  by  the  electron  magnetic  dipole  moment  ( 2-3  orders  of  magnitude  larger  than  the 
enhanced  nuclear  moment  associated  with  the  ground  state  of  Pr3+  in  LaF3)  de-tunes  the 
nearest  neighbors  from  each  other,  prohibiting  mutual  spin  flips  among  them.  Thus,  the 
fields  produced  by  the  neighboring  spins  are  static  and  their  interaction  with  the 
paramagnetic  ion  contributes  to  the  inhomogeneous  linewidth  and  not  to  homogeneous 
broadening.  The  de-tuned  neighbors  are  referred  to  as  the  "frozen  core."  Application  of 
this  picture  to  the  case  of  Pr3+:LaF3  is  supported  by  the  calculation  of  Devoe  et  al.''  Their 
Monte  Carlo  calculation  of  the  Pr^^  optical  dephasing  times  shows  that  the  observed 
homogeneous  linewidth  could  be  explained  by  deleting  the  nearest  neighbor  F  spins  from 
the  lattice  of  rapidly  fluctuating  fluorine  moments,  in  effect,  treating  them  as  part  of  a 
frozen  core. 

We  give  direct  evidence  for  the  presence  of  a  spin  diffusion  barrier  in  Pr^+iLaFs  by 
examining  the  cross  relaxation  between  the  Pr  and  the  F  nuclei  in  a  magnetic  field  chosen 
so  that  a  pair  of  the  Pr  hyperfine  energy  levels  matches  the  F  splitting  or  a  multiple  of  the  F 
splitting.  This  is  achieved  by  observing  the  effect  of  the  F  cross  relaxation  (or  harmonic 
cross  relaxation)  on  the  optical  pumping  signal  from  the  'D2  -  ^H4  optical  transition. ^  Fig. 
1  shows  the  calculated  energy  splittings  from  the  spin  hamiltonian  for  Pr3‘'’:LaF3  and  the 
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effect  of  cross  relaxation  on  the  laser  absorption.  We  examine  directly  the  cross  relaxation 


between  the  Pr  and  F  spins  by  NMR  and  measure  the  coupling  rate. 
The  Pr  spins  that  cross  relax  can  be  maintained  at 


an  infinite  spin  temperature  by  applying  one  or  more 
external  RF  fields  in  a  way  that  does  not  directly 
effect  the  F  spins,  as  shown  in  Fig,  2.  The  degree  to 
which  the  saturated  Pr  system  heats  the  F  spin 
system  (which  initially  is  in  equilibrium  with  the 
lattice  at  2  °K)  is  examined  by  NMR  measurement  of 
the  bulk  F  spin  polarization.  The  Pr3+  hyperfme 
levels  and  F  transitions  are  shown  in  Fig.  2  for  the 
single  and  double  F  spin  flip  crossings  at  B  = 

2.80  kgauss  and  5.02  kgauss  respectively. 

A  three  reservoir  system  is  involved  where  Bpr 
represents  the  inverse  spin  temperature  of  the  two 
Pr  hyperfme  levels  participating  in  the  coupling, 

Bp  represents  the  bulk  fluorine  inverse  spin 
temperature,  Bq  is  the  equilibrium  (lattice)  inverse 
spin  temperature,  and  1/x  represents  the  coupling 
rate  between  the  bulk  fluorine  spins  and  the  Pr 
spins.  The  F  NMR  signal  obtains  mainly  from  the 
bulk  F  spins  that  couple  only  by  spin  diffusion  to 
the  rare  Pr  spins.  When  Pr-F  cross  relaxation  is 
observed  through  its  effect  on  the  optical  pumping 
cycle,  the  opposite  is  true.  In  this  case,  the  Pr 
populations  are  monitored  and  are  coupled  directly 
only  to  the  nearest  neighbor  fluorines.  These 
fluorine  nuclei  in  turn  must  then  must  overcome 
any  spin  diffusion  barriers  associated  with  the 


FIG.  1  (a)  Numerical  calculation  of  Pr^'*' 
ground  state  NQR  splittings  (solid  line)  for  B 
parallel  to  a  C2  axis.  The  dashed  lines  arc  the 
fluorine  transition  and  the  double  fluorine  spin 
flip  transition.  Arrows  show  where  the  energy 
conserving  cross  relaxation  occurs. 

(b)  Optical  transmission  during  a  magnetic 
field  sweep  at  a  rate  of  500  gauss/sec. 


frozen  core  in  order  for  any  effect  to  be  seen 
among  the  bulk  fluorines. 


If  the  Pr  spins  are  saturated  (Bpr  =  0),  the  coupled  spin  temperature  equations  for  the 
three  spin  reservoirs  give  the  relation 


6f/6o  =  (  1  +eT|F/T)-'  , 


at  equilibrium,  where  e  =  ]/3(  Npr  /  Np)  =  6  x  10'^  is  the  ratio  of  the  Pr  spin  system  heat 
capacity  to  that  of  the  F  system. 
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In  the  absence  of  a  spin  diffusion  btirrer  and 

.  •  5 ' 2  ' 

assuming  a  long  spin  Ti  (>  15  min  at  2  ‘’K)  for  the 

*5,2 

F  nuclei,  we  expect  the  saturated  Pr  levels  to  de¬ 
polarize  the  F  system  with  a  time  constant  t/£  where  .3,2 

T,  in  this  case,  is  roughly  the  T2  of  the  fluorine 
spins.  Using  the  measured  T2  =  15  us,  we  estimate  ^ 

the  bulk  F  polarization  would  then  disappear  in  0.02 
seconds.  Instead  we  measure  r  >  10  s,  indicating  a 
diffusion  barrier. 

♦  t  /2 

A  0.5  at.  9c  Pr“'^;LaF3  crystal  at  2  “K  is  placed 
in  a  static  magnetic  field  B  directed  along  a  crystal  C2 
axis.  The  crystal  was  mounted  in  a  pair  of  capacitor  5  ^ 

plates  which  produce  a  voltage  parallel  to  the  same 
C2  axis.  This  allows  a  Stark  modulated  optical 
pumping  cycle  (SMOP)  to  be  employed.^  The 
cry.stal  is  inside  two  RF  coils  mutually  perpendicular  .3/2 
to  B.  The  coil  along  the  C3  axis  is  tuned  to  the 
fluorine  NMR  frequency  and  connected  to  a  standard  ,,2 

puLsed  N.MR  apparatus  which  records  the  fluorine 
free  induction  decay.  The  other  coil  is  untuned  and 
is  driven  by  a  broadband  RF  power  amplifier  which 
allows  the  saturation  of  one  or  more  Pr  hyperfine 
transitions. 

The  level  crossing  condition  is  found  by 
varying  the  magnetic  field  and  observing  either  the 
laser  transmission  as  in  ref  5  or  by  using  the 
Stark  modulation  technique.^  The  magnetic  field 
is  then  fixed  at  the  level  crossing  condition  and  the 
Pr^'^  hyperfine  spectrum  is  measured  by  optically 
detected  NMR  using  the  SMOP  method.^  The 
observed  spectrum  is  in  good  agreement  with  the 
Pr^-^  spin  Hamiltonian. 

Having  achieved  level  crossing,  the  la.ser  beam  is 
levels  are  saturated  as  shown  in  Fig.  2.  For  the  single  F  flip  crossing  the  two  different  RF 
fields  are  applied  in  alternating  5  ms  bursts  to  avoid  the  generation  of  any  difference 
frequencies  that  would  tend  to  saturate  the  F  spins  directly.  After  saturating  the  Pr  spins 
for  15  minutes,  the  F  NMR  signal  is  recorded  and  compared  to  its  equilibrium  value. 


FI  F2 

.  1  '2  - 

Pr 

(b) 


FIG.  2  (a)  Pr  and  F  energy  levels  for  the  case 
of  the  single  fluorine  flip  level  crossing  at  2800 
gauss.  The  m  values  shown  correspond  to  the 
levels  at  zero  field.  At  these  fields  a  the  m 
values  arc  mixed.  The  applied  RFs  used  to 
saturate  the  5/2  -3/2  aansition  arc  shown. 

(b)  Same  as  (a)  but  for  the  double  fluorine  spin 
flip  transition  at  5000  gauss.  The  sum  of  the 
two  fluorine  transition  energies  match  with  the 
5/2  to  3/2  Pr  transition. 


then  blocked,  and  the  appropriate  Pr 
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For  the  single  F  spin  flip  level  crossing  at  2.80  kgauss  there  was  no  measurable  change 
in  the  fluorine  free  induction  decay  signal.  Given  that  a  5%  change  could  have  been 
detected,  we  estim-.vie  for  Tj  =  900  s  that  t  >  10  s  .  This  lower  bound  for  i  is  two  to 
three  orders  of  magnitude  longer  than  the  cross  relaxation  time  expected  in  the  absence  of  a 
spin  diffusion  barrier.  We  ascribe  this  weak  cross  relaxation  rate  to  the  presence  of  a  spin 
diffusion  barrier.  For  the  double  fluorine  spin  flip  crossing  at  5.02  kgauss,  we  observe  a 
30%  reduction  in  the  fluorine  free  induction  decay.  This  gives  a  T  of  2  s  which  implies 
that  the  diffusion  bcurier  affects  the  much  weaker  resonant  two  spin  flip  cross  relaxation 
rate  to  a  lesser  extent. 

The  two  spin  flip  dipole-dipole  cross  relaxation  rate  involves  a  matrix  element 
determined  from  second  order  perturbation  theory  which  is  a  factor  of  (Bdipoiar  /  Bo)  ~  10' 

3  smaller  than  the  single  flip  proce.ss.^  Nevertheless,  this  process  couples  to  the  bulk 
fluorines  as  well  or  better  than  the  single  flip  process.  This  fact  is  consistent  with  the 
existence  of  a  frozen  core.  The  two  flip  process  allows  the  coupling  to  circumvent  the 
barrier  presented  by  the  frozen  core  provided  the  de-tuning  does  not  extend  beyond  the  first 
nearest  neighbor  fluorines.  It  is  possible  to  imagine  that  the  Pr  splitting  may  match  the  sum 
of  the  two  fluorine  splittings  without  the  fluorine  splittings  being  equal  to  one  another.  If 
the  outer  F  is  coupled  strongly  to  the  bulk  fluorines  then  the  double  flip  process  overcomes 
the  spin  diffusion  barrier.  The  two  de-tuned  fluorines  can  be  thought  of  as  coupled 
together  via  their  non-resonant  dipole-dipole  interaction  but  de-tuned  from  one  another 
since  they  see  a  different  values  of  the  Pr  dipolar  field.  Any  calculation  of  the  rate  for  this 
process  would  be  complicated  by  the  presence  of  several  nearest  neighbor  flourines,  the 
mixture  of  the  Pr  n\  levels,  the  fact  that  the  F  and  Pr  spins  have  different  quantization  axis, 
and  the  isotropic  nature  of  the  Pr  gyromagnetic  moment. 

In  conclusion  our  observation  of  a  weak  Pr  -  F  cross  relaxation  serves  as  an  additional 
confirmation  of  the  frozen  core  model. 
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Recently  in  studies  of  fluorescence  excitation  and  persistent  spectral  hole  burning  (PSHB)  of  single 
molecules  in  crystalline  environment  spectral  jumps  have  been  observed  at  1 .5  K  providing  new 
insights  into  the  low  temperature  dynamics  of  the  condensed  phase  [1].  The  connection  between 
PSHB  and  the  phonon-induced  dynamics  in  asymmetric  double-well-potentials  (DWP)  has  been  used 
in  a  photophysical  model  of  PSHB  explaining  also  phonon  detection  by  refilling  of  a  spectral  hole 
observed  after  irradiation  with  nanosecond  heat  pulses  [2],  These  DWP  have  been  originally 
introduced  in  order  to  explain  anomalous  acoustic  and  thermal  properties  of  amorphous  materials  by 
the  socalled  two-level  systems,  the  existence  of  which  is  due  to  tunneling  in  DWP  with  appropriate 
parameters.  The  photophysical  model  is  based  on  spectral  shifts  (matrix-shift-variations)  caused  by 
phonon-induced  crossing  of  the  barriers  which  can  occur  in  all  DWP  if  the  phonon  frequency  is  high 
enough. 

Because  of  the  problems  connected  with  the  statistical  distribution  of  the  barrier  heights  in 
amorphous  materials  we  started  to  investigate  crystalline  organic  (3]  and  inorganic  [4]  model  systems 
with  discrete  barrier  heights.  Concerning  inorganic  materials  we  used  KI :  SJ.  SrF2  :  Pr^+  :  D"  and 
neutron-irradiated  sapphire.  KI :  Sf  is  a  well-known  system  for  barrier  crossing  and  SrF2  :  Pr^*  ;  D* 
was  selected  as  a  special  model  system  in  which  not  the  light-absorbing  species  (Pr3+)  itself  but  the 
neighbouring  D*ions  are  involved  in  the  DWP.  Neutron-irradiated  a-Al203  is  not  only  interesting 
because  of  the  ballistic  propagation  of  very  high  frequency  phonons  in  sapphire  but  it  is  an  interesting 
material  also  because  it  is  an  example  of  material  optimization  for  possible  applications  in  storage  and 
in  photonics  since  two-color,  photon-gated  PSHB  in  the  IR  with  high  thermoresistance  (up  to  670  K) 
was  discovered  [5].  For  basic  physics  organic  crystalline  systems  like  perylene/n-heptane  proved  to  be 
universally  applicable  model  systems  which  turned  out  to  be  ideal  for  the  study  of  correlations,  not 
only  between  different  dynamical  effects  but  also  between  these  dynamical  effects  and  electric-field- 
induced  level  shifts  [31.  These  systems  are  ideal  because  the  parameters  determining  all  these  effects 
are  substantially  different  for  the  different  antiholes  (photoproduct  lines)  and  the  original  lines. 

In  the  present  paper  we  will  provide  results  concerning  information  about  the  physical  nature  of  the 
DWP  in  these  organic  model  systems  and  for  the  example  perylene/n-heptane  we  will  demonstrate 
that  the  universality  involves  also  that  PSHB  in  the  background  between  the  discrete  lines  of  this 
Shpol'skii  system  yields  exactly  the  same  results  (concerning  dynamics  and  also  concerning  electric 
field  effects)  as  in  the  case  of  amorphous  materials  so  that  these  model  systems  represent  a  connecting 
link  between  crystalline  and  amorphous  materials. 

In  our  experiments  the  thickness  of  the  sample  was  about  50  pm.  The  sample  cell  usually  consisted 
of  two  suprasil  windows.  For  investigations  of  the  electric  field  effects  we  used  transparent  indium  tin 
oxide  layers  on  the  windows  as  transparent  electrodes.  The  microcrystalline  n-paraffines  consisted  of 
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lamellas,  which  in  such  a  thin  layer  are  mainly  parallel  to  the  windows  [6].  Perylene  in  n-heptane,  n- 
hexane  and  n-pentane  are  Shpol'skii  systems  in  which  the  perylene  (see  left  insert  of  Fig.  Ij  occupies 
distinct  substitutional  sites  in  the  lattice  by  replacing  n-paraffine  chains,  so  that  multiple  structures 
with  several  pure  electronic  zero-phonon  lines  arc  observed  in  the  low  temperature  spectra.  In  the  case 
of  peryleneM-heptane  we  investigated  in  particular  the  strong  line  II  at  445.25  nm  which  has  an 
inhomogeneous  broadening  of  5  cm  *.  Line  II  corresponds  to  a  site  in  which  the  perylene  molecule  is 
replacing  three  n-heptane  molecules  (demonstrated  for  comparison  in  the  left  insert  of  Fig.  1)  and  in 
which  the  long  axis  of  the  perylene  molecules  is  perpendicular  to  the  n-heptane  chains. 


Fig.  1.  Repeated  burning  of 
perylene! n-heptane  in  line  II  with 
the  single  frequency  ring  dye 
laser  (SFL).  After  each  burning 
intervall  the  antihole  (photo¬ 
product  line)  Pj  is  completely 
reverted  by  selective  excitation 
with  the  broad-band  dye  laser 
(BDL).  For  AJ  and  Al’  see  text. 


By  excitation  with  a  single  frequency  ring  dye  laser  (SFL)  we  obtained  PSHB  in  line  II  with 
creation  of  8  antiholes  (photoproduct  lines  Pj  -  Pg)  shifted  to  higher  energies  up  to  100  cm  *  and  in  the 
photoproduct  lines  we  observed  relative  hole-burning  efficiencies  ri'  up  to  6  orders  of  magnitude 
higher  than  in  line  II  (q'  =  1),  which  has  a  very  low  burning  efficiency  so  that  it  was  necessary  to 
focuss  the  full  power  (60  mW)  of  the  SFL  (width  <  20  MHz)  to  an  area  of  about  0.3  mm^  in  order  to 
obtain  a  hole  depth  of  about  50  %  in  20  sec.  [3].  Concerning  the  laser-induced  reverting  of  the 
photoproducts  into  the  hole  in  line  II  we  performed  the  following  experiments. 

With  the  SFL  a  hole  was  burned  in  line  II  and  morritored  by  fluorescence  excitation  of  the  first 
vibronic  transition  which  is  shifted  355  cm  *  relative  to  the  pure  electronic  transition.  In  addition  a 
broad-band  linear  dye  laser  (BDL)  with  a  width  larger  than  60  GHz  was  focussed  on  the  same  area  of 
the  sample  (with  a  somewhat  larger  focus  as  compared  to  that  of  the  SFL).  After  one  frequency  scan 
of  the  BDL  in  the  spectral  range  of  all  P-lines  the  narrow  hole  (width  ~  200  MHz)  in  line  II  was 
completely  refilled  even  after  several  times  repeating  burning  and  refilling.  By  burning  and  probing 
different  parts  of  the  spectral  range  of  the  P-lines  we  also  proved  that  there  is  no  direct 
phototransformation  between  the  different  P-lines  but  that  all  perylene  molecules  are  reverted  back 
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into  line  II.  From  these  results  we  conclude  that  in  the  burning  and  refilling  process  only  the  perylene 
molecules  themselves  change  their  position.  In  the  case  of  dynamical  processes  concerning  the  n- 
heptane  molecules  also  the  combination  of  changes  involving  several  n-hcptanc  molecules  would  be 
effective  (there  is  no  outstanding  site  of  one  of  the  n-heptane  molecules  fomiing  the  cage  walls  but 
because  of  the  lattice  symmetry  there  are  always  at  least  two  n-heptane  molecules  in  comparable  sites 
in  the  cage  walls).  In  this  case  we  would  not  obtain  a  complete  refilling  of  the  hole  in  line  II. 

The  experimental  procedure  of  the  second  experiment  is  shown  schematically  in  the  right  insert  of 
Fig.  1  (only  4  of  the  8  P-lines  are  drawn  for  simplicity).  In  this  experiment  only  the  strongest  line  P3  is 
reverted  completely  by  selective  excitation  with  the  BDL.  It  can  be  seen  in  Fig.  1  that  the  fluorescence 
increase  AI  between  the  end  of  the  preceding  burning  process  gets  smaller  with  each  cycle  (see  AI'  in 
Fig.  1)  of  burning  and  reverting.  Therefore  it  can  be  ruled  out  that  the  appearance  of  the  different  P- 
lines  is  due  to  dijferent  rigid  cage  configurations  since  for  constant  burning  times  in  this  case  always 
the  same  number  of  molecules  would  be  switched  into  line  P3  and  also  back  to  line  II.  This  conclusion 
is  cordlrmed  by  the  observation  that  simultaneous  PSHB  in  P3  and  line  II  produces  an  increased 
population  of  the  other  P-lines. 

The  results  provide  the  information  that  the  DWP  involved  in  PSHB  and  reverting  are  formed  by 
the  dye  molecules  moving  relative  to  the  rigid  host  cage  between  different  discrete  positions.  For  each 
cage,  there  is  always  the  same  distinct  position  corresponding  to  line  II,  with  the  highest  value  of  the 
total  intermolecular  potential  energy  of  the  van  der  Waals  interaction  between  dye  and  cage.  This 
position  represents  the  lowest  lying  minimum,  i.  e.  the  global  minimum  of  all  DWP.  After 
photoexcitation  and  subsequent  radiationless  relaxation  processes  (which  provide  phonon  cascades, 
including  excitation  of  very  high  frequency  local  phonons)  the  dye  can  be  clicked  in  a  higher  lying 
minimum,  which  represents  another  distinct  position  (corresponding  to  a  P-linc)  with  reduced  value  of 
the  total  interaction  energy.  The  reduced  barrier  height  W,  for  the  reverse  phonon-induced  barrier 
crossing  process,  means  a  strong  asymmetry  of  the  DWP  and  it  results  in  a  substantial  increase  of  q' 
for  the  P-lines. 

We  have  performed  PSHB  not  only  in  the  discrete  lines  but  also  in  the  weak  continous  background. 
This  continous  background  is  attributed  to  perylene  molecules  adsorbed  on  the  surface  of  the 
n-heptane  microcrystals  which  have  a  lamellar  structure.  We  observed  that  the  holes  in  the  background 
show  exactly  the  same  low  temperature  dynamics  as  holes  in  amorphous  polymers  like 
polyvinylbutyral.  We  observed  that  these  holes  are  spontaneously  filled  in  part  even  at  1.3  K  while  the 
holes  in  line  II  could  be  filled  only  by  heating  the  sample.  For  example  after  heating  for  5  min  to  2.4  K 
one  of  the  weak  P-lines  completely  disappeared  and  by  this  thermal  reverting  the  hole  in  line  II  was 
filled  a  little  bit.  If  the  sample  is  heated  for  a  time  t^  to  a  temperature  T^  then  the  barrier  with  height  W^ 
can  be  crossed  by  thermally  activated  reverting.  The  value  of  W^  can  be  calculated  by  the 
approximation  formula  [7] 

W,  =  kT,ln(t,/Xo).  (1) 

We  use  the  characteristic  time  Xq  =  8  ps  which  was  determined  for  perylene  in  paraffin-like  Langmuir- 
Blodgett  films  by  the  heat  pulse  technique  (8J.  With  tT  =  5min  we  calculated  the  lowest  value 
Wr  =  52  cm  *  [3],  whereas  for  the  background  we  can  estimate  with  Eq.  (1)  that  there  must  be  barrier 
heights  even  below  30cm  *.  The  holes  in  the  background  arc  completely  refilled  after  heating  the 
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sample  for  5  min  to  about  45  K  and  therefore  the  highest  values  of  for  the  background  must  be  in 
the  order  of  950  cm  *.  On  the  basis  of  the  correlation  between  of  the  different  P-lines  and  their 
burning  efficiencies  [3]  this  broad  distribution  of  barrier  heights  results  in  an  extreme  large 
distribution  of  burning  efficiencies. 

This  broad  distribution  of  barrier  heights  is  also  interesting  in  connection  with  the  electric  field 
effects.  The  coefficients  6v,/E  of  the  electric  field  induced  hole  splittings  (which  were  observed  in  all 
discrete  lines  of  perylene  in  n-heptane  (6)  including  meanwhile  also  the  P-lines  [3])  are  correlated  with 
the  barrier  height  W  [3].  In  this  correlation  high  values  of  SVj/E  correspond  to  low  values  of  W.  The 
correlation  is  based  on  the  fact  that  the  dispersion  interaction  induced  spectral  shift  and  the  van  der 
Waals  interaction  energy  are  determined  by  the  short  range  interaction  between  fluctuating  dipoles  [3]. 
In  addition  the  large  value  of  the  electric-field  induced  level-shift  measured  for  one  of  the  P-lines  is 
even  exceeding  the  corresponding  average  values  obtained  for  perylene  in  the  polar  matrix  butanol  and 
reaches  approximately  70  %  of  those  values  reported  recenOy  [9]  for  selected  polar  polymers.  The 
background  is  showing  exactly  the  same  electric-field-induced  change  of  the  holes  as  in  amorphous 
materials,  i.  e.  application  of  an  electric  field  broadens  the  hole  so  that  the  hole  structure  can  disappear 
completely  if  the  electric  field  is  high  eiK)ugh.  This  effect  is  interesting  for  technical  applications  such 
as  optical  data  storage  because  it  provides  the  possibility  to  use  the  electric  field  dimension  as  a 
second  dimension,  in  addition  to  the  frequency  dimension.  Apparently  the  broad  distribution  of 
electric-field-induced  level  shifts  is  based  on  the  broad  distribution  of  barrier  heights.  On  the  other 
hand  this  reasoning  demonstrates  the  advantages  of  perylene/n-heptane  as  a  model  system  because  the 
correlations  between  the  discrete  values  of  the  barrier  heights  and  the  discrete  values  of  other 
parameters,  connected  e.  g.  with  the  variability  of  the  dispersion  interaction,  can  be  determined 
separately  for  different  wavelengths. 
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Spectral  diffusion  (SD)  is  extensively  investigated  in  the 
past  years  by  means  of  hole  burning  method.  In  particular,  evi¬ 

dences  of  thermo-  [l]  and  lightinduced  [2]  SD  are  found.  At  the 
same  time  authors  of  [3]  have  found  a  strong  dependence  of  the 
burned  hole  width  on  the  burning  fluence.  As  known,  the  classical 
model  of  a  burning  kinetics  (  hole  broadening  in  this  model  is 
connected  with  saturation  of  the  hole  in  the  distribution  func¬ 
tion  of  impurity  centers  )  predicts  enough  weak  hole  broadening 
at  the  initial  stage  of  burning  [4].  It  leads  to  a  conclusion 

about  possible  additional  mechanisms  of  hole  broadening  on  an 
initial  burning  stage.  One  of  such  mechanisms  can  be  SD,  induced 

by  the  burning  light  (USD).  The  influence  of  the  burning  power 
and  fluence  on  the  hole  broadening  was  investigated  by  means  of 
high  sensitive  Stark  spectroscopy  on  chlorin  in  polyvinylbutyral 

(Chl/PVB).  Thermoinduced  SD  (TISD)  is  investigated  also,  model  of 
this  process  is  proposed. 

Experiments  were  performed  on  the  Chl/PVB  films,  supplied 
by  semitransparent  Stark  electrodes  at  temperatures  2  -r  30  K.  The 
single  frequency  He-Ne  laser  LGN-209  was  used  for  a  hole  burning. 
The  burning  power  was  1  ^  70  ^W/cm*.  During  registration  process 
it  was  decreased  down  to  10“®  W/cm*.  Field  curves  were  measured: 
the  dependence  of  the  sample  transmittance  in  the  hole  maximum  on 
the  applied  voltage.  The  field  curve  width  is  linearly  connected 
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influence  of  the  hole  filling  light  with  power  1  mW/cm^.  Effec¬ 
tive  USD  should  somewhere  increase  the  hole  width  in  such  condi¬ 
tions.  But  measured  hole  widths  were  practically  the  same,  «is  in 

the  previous  experiments.  So,  the  set  of  the  presented  data  tes¬ 
tifies  the  negligible  influence  of  USD  on  the  hole  formation  in 

the  spectrum  of  C3il/PVB. 

Thermoinduced  SD  w<is  measured  using  a  temperature  cycling 

method  [1]:  after  hole  bimiing  and  measurement  at  temperature  Tb 
the  sample  was  annealed  at  T®,  cooled  back  to  Tt  and  measured 
again  with  15  -  20  min  delay.  Te  was  changed  from  5  K  to  20  K, 
To-from  Ti+5  K  to  T6+30  K.  The  results  are  presented  on  Fig.l. 


Fig.l.  Dependence  of  the  irreversible  hole  broadening  on  the 
annealing  temperature  AT  =  Ta  -  T6.  Experimental  points  for  the 
holes,  burned  at  different  temperatures  are  presented  as: 
o-  T6  =  5  K;  A-  Tb  =  15  K;  □-  T6  =  20  K. 
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with  the  hole  spectral  width  l5].  It  is  easy  to  calculate  the 
hole  spectral  width,  using  raeasiu-ed  field  curve  width  and  the 
known  change  of  the  static  dipole  moment  at  electronic  transi¬ 

tion.  It  is  evident,  that  theoretical  limit  should  exist  on  the 
minimal  registerable  hole  depth  (Dm»n)  and,  therefore  on  the  mi¬ 

nimal  burning  fluence  (PWn)*  Analytic  formulas  were  obtained  in 
[6]  for  Drmn  and  Ptmin  under  standard  experimental  conditions, 
at  relatively  general  assumptions.  Estimation,  based  on  this 
equations,  gives  for  chlorin  at  5  K:  Dmm  5*10"^  and 

PtminCs  10  nJ/cm^.  The  values,  reasonably  close  to  this  limits, 

were  obtained  in  pure  experiments:  Dmin—  2‘10"*  and  PtrmnCi^  60 

fi3/cm^.  The  minimal  hole  width  F  =  0.02  cm"^  (at  5  K)  was  found 
using  measured  value  of  the  field  curve  width.  Increase  of  the 
fluence  up  to  0.1  J/cm^  (and  the  hole  depth  by  ~  30%  of  the  ini¬ 
tial  optical  density  of  the  sample)  results  in  a  hole  width  in¬ 
crease  by  ci  2.5  times.  The  experimental  dependence  of  the  hole 

width  on  the  burning  fluence  is  in  a  very  good  agreement  with  the 
classical  model  [4],  e.g.  any  additional  hole  broadening  on  an 
early  stage  of  the  burning  is  not  observed. 

Special  experiments  were  performed  to  check  a  possible  role 

of  LISD  in  more  broad  range  of  fluences.  As  known,  the  0-0- 
absorption  beind  of  the  Chi  photoproduct  is  shifted  1600  cm"^  from 
the  educt  one,  and  the  rate  of  the  back  reaction  is  c-  10^-10^ 
times  higher.  It  makes  possible  hole  measurements  in  the  condi¬ 
tions  of  the  stationary  hole  burning  -  hole  filling  process.  The 

equilibrium  state  appears  under  simultaneous  influence  of  the 
burning  laser  light  and  broad  band  irradiation  in  the  product 
absorption  b^lnd.  In  such  experiments  an  effective  burning  fluence 
was  approximately  an  order  of  magnitude  higher  than  maximum  flu¬ 
ence  in  the  previous  experiments,  and  it  is  necessary  to  add  the 
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In  our  case  hole  broadening  F/Fo  depends  nonlinearly  on  Ta. 
The  data  can  be  fitted  equivally  good  both  by  an  exponent  with 
the  activation  temperature  AT  ~  14.5 ±2  K  (full  line  on  Fig.l)  and 
by  a  power  function  with  the  exponent  a  ^  2.2d:0.1.  The  measured 
hole  broadening  low  is  in  contradiction  with  a  linear  behavior, 
predicted  by  classical  SD  model,  and  experimentally  obtained  in 
[ij.  The  source  of  this  contradiction  is  still  unclear.  Our  data 
can  be  treated  in  frames  of  activation  model  of  the  relaxation  of 
two  level  systems  (TLS),  responsible  for  SD. 

There  are  different  models  of  SD,  based  on  TLS  theory. 
Roughly  we  can  distinguish  two  types  of  models,  treating  SD  in 
frames  of  equilibrium  or  nonequilibrium  evolution  of  TLS- 
ensemble.  Special  experiments  were  performed  with  multiple  tempe¬ 
rature  cycling,  before  and  after  hole  burning.  The  results  of 
those  experiments  can  be  treated  noncontradictory  only  in  frames 
of  a  model  of  equilibrium  TLS  evolution. 
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Introduction 

An  external  field  applied  to  dye  doped  polymers  which  have  inhomogeneous  dispersion  in  their 
absorption  spectra  causes  a  shift  in  the  absorption  of  the  dye  molecules.  This,  in  turn,  changes  the  line 
shapes  of  persistent  spectral  holes  1).  The  Stark  effect  has  been  applied  to  optical  storage^)  and  optical 
computing^).  It  has  been  also  used  as  a  powerful  tool  for  investigating  such  physical  profiles  of 
materials  as  the  difference  between  the  effective  molecular  electric  dipole  moments  in  the  host  matrix  in 
the  ground  and  excited  states  which  is  related  to  hole  burning'^) >5). 

In  this  paper,  we  used  an  electric  field  modulation  technique  to  measure  the  Stark  effect  on  wide 
and  shallow  spectral  holes.  The  technique  enables  us  to  detect  weak  Stark  effects  on  spectral  holes  in  dye 
doped  polymers  using  a  weak  electric  field  at  about  6  K. 

Stark  Effect  on  Persistent  Spectral  Holes  :  Principle  and  Discussion 

The  Stark  effect  is  regarded  as  a  perturbation  in  the  photon  absorption  process  of  guest  molecules. 
The  line  sht^  of  a  spectral  hole  is  described  by  a  Lorentzian  function.  An  external  electric  field  (Es) 
causes  a  frequency  shift  of  the  absorption  of  the  i-th  guest  molecule  as, 

AcUj  =  (1  /  ft)[(6  +  2)  /  (1) 

where  e  is  the  dielectric  constant  of  the  host  polymer^),  and  Apmoi.i  is  the  difference  between  the  electric 
dipole  moments  in  the  ground  and  excited  states.  The  dispersion  of  the  directions  of  Apmoi.i  causes  a 
change  in  the  line  shape  of  a  burnt  hole^).  For  dye  molecules  doped  in  a  polymer  host  matrix,  Apmoi.i  is 
the  sum  of  the  permanent  molecular  dipole  moment  difference  and  the  results  from  the  local  electric 
field  of  the  host  matrix.  The  Stark  effect  on  spectral  holes  has  been  analyzed  when  all  iheApmoi.i  values 
are  equal  but  the  directions  are  isoiopically  dispersed,  and  Apmoi.i  and  the  molecular  transition  moment 
Di  hjve  a  fixed  angle  6  6).  The  line  shape  of  a  hole  depends  on  6  in  addition  to  F,  co  and  Am,  where  F 
and  m  are  the  initial  width  and  the  center  frequency  of  the  hole,  respectively 

Figure  1  (a)  and  (b)  show  the  calculated  line  shapes  of  a  spectral  hole  in  an  external  electric  field 
at  2  K  and  6  K,  respectively.  In  the  calculation,  the  following  assumptions  were  made: 

(1)  The  external  electric  field  is  vertical  to  the  electric  field  of  the  laser  light. 

(2)  The  0  value  is  0. 

(3)  The  two  holes  have  the  same  area. 

(4)  The  holewidth  dependence  on  temperature  (T)  is  expressed  by  r=  TofT  -  Toj'’,  where  Fo 
denotes  the  width  at  T  =  To  ^  and  a  is  a  constant  between  1  and  2^) 
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The  figure  indicates  that  the  Stark  effect  induced  by  a  weak  external  field  at  the  higher  temperature  is 
difficult  to  detect  by  means  of  conventional  transmission  measurements. 

When  the  external  electric  field  is  alternated  as  shown  in  Fig.  1  (c),  the  line  shape  of  the  hole 
changes  in  response  to  the  electric  field.  By  detecting  only  the  difference  between  the  line  shapes  with 
and  without  the  field  we  can  obtain  the  spectra  shown  in  Fig.l  (d).  It  should  be  noted  that  this  technique 
detects  the  Staiic  effect  directly.  The  experimental  results  obtained  using  the  electric  field  modulation 
technique  are  described  in  the  following  section 

Experimental 

The  samples  were  prepared  by  casting  dyes  with  polymer  using  dichrolomcthan  as  a  solvent  as 
previously  described^^  The  sample  thickness  was  of  the  order  of  10^  They  were  cooled  to 
approximately  6  K  in  a  He  cryostat.  The  laser  for  burning  and  probing  holes  was  a  single-frequency 
ring  dye  laser  (bandwidth  500  kHz).  Two  types  of  measurement  were  made  using  (a)  the  laser  double 
beam  technique^)  and  (b)  the  electric  field  modulation  technique  (Fig.  2).  The  scanning  range  of  the 
laser  was  expanded  to  about  60  GHz.  The  experimental  setup  for  supplying  the  external  electric  field 
was  similar  to  that  reported  previously^),  except  that  the  electric  field  was  alternated.  The  signal  was 
phase-sensitively  detected  by  a  lock-in  amplifier. 

Results  and  Discussion 

Figure  3  (a)  shows  a  spectral  hole  measured  using  the  laser  double  beam  technique  (metal-free 

tetraphenylporphine  (TPP)  in  poly-vinylbutyral  (PVB)).  The  concentration  of  TPP  is  5  x  10'^  M  ,  and 
the  thickness  of  the  sample  is  178  pm  The  hole  was  burnt  by  tuning  the  dye  laser  to  660  nm  and 
irradiating  the  sample  at  a  power  of  20  p,W/cm2  for  30  sec  at  5.2  K.  A  hole  was  detectable  but  it  was 
unclear  due  to  the  low  signal  to  noise  ratio.  In  contrast  to  Fig.  3  (a),  a  very  clear  signal  is  detected  in 
the  zero  background  using  the  modulation  technique  (Fig.3  (b))  for  the  same  hole  (the  external  electric 
field  was  vertical  to  that  of  the  laser  light  and  had  an  amplitude  of  56  kV/cm  at  a  modulation  frequency 
of  35  Hz).  The  modulation  frequency  was  sufficiently  high  in  the  experiment  because  the  laser  light 
scanning  rate  was  0. 1  GHz/sec.  The  wings  on  either  side  of  the  strong  center  signal  should  be  negative 
(see  Fig.l  (d)),  but  we  only  measured  the  amplitude  of  the  signal  so  they  appear  to  be  positive.  The 
signs  of  the  wings  can  be  corrected  by  detecting  the  phase  of  the  signal.  The  sensitivity  of  this  technique 
is  higher  by  about  10  dB  than  that  of  the  laser  double  beam  technique. 

The  dependence  of  the  modulated  signal  on  the  amplitude  of  the  external  electric  field  is  shown  in 
Fig.  4.  The  sample  is  PVB  doped  with  pyropheophorbide  a  methyl  ester  (PPME;  Fig.  5)  (concentration: 

6  X  10'^  M)  The  sample  thickness  is  400  pm.  The  fact  that  a  hole  is  detectable  even  though  the 
external  field  is  as  weak  as  2.5  kV/cm  at  6  K  (Fig.  4  (a))  shows  that  this  technique  is  very  effective  for 
measuring  the  Stark  effect  on  spectral  holes.  This  technique  is  also  effective  for  measuring  the  Stark 
effect  in  theEj  //  Eq  geometry  as  well  as  for  samples  whose  materials  are  easily  affected  by  a  field.  It 
should  be  noted  that  the  maximum  obtainable  amplitude  of  the  field  in  the  Es  H  Eq  geometry  is 
practically  lower  than  that  in  the  Es  -L  Eq  geometry. 


Absorption  (Arb.  Unit) 


Conclusions 


The  Stark  effect  on  persistent  spectral  holes  in  dye  doped  polymers  was  measured  using  a  sensitive 
modulation  technique.  The  electric  field  required  for  PPME/PVB,  for  example,  was  only  of  the  order 
of  kV/cm  at  6  K.  The  technique  is,  therefore,  useful  for  measuring  the  Stark  effect  on  systems  which 
are  easily  affected  by  an  electric  field.  It  also  enables  the  Stark  effect  to  be  measured  at  considerably 
higher  temperatures  than  previously  achieved. 
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Fig.l.  Calculated  line  shapes  of  a  hole  for  £5  J.  £o  ,  0  =  0  at  (a)r  =  2  K  and  (b)T  =  6  K.  Aa  is  the 
averaged  Idto.l  value  (see  eq.  (1))  and  do  =  0.75  GHz.  (c)  The  alternated  external  electric  field,  (d)  The 
difference  spectra  between  the  line  shapes  for  £,  =  0  and  E,  =  E,o  (see  (c)).  /lo  =  (Ti  /  Ap.)[(3  /  (e  -t-  2)]do 
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Fig. 2.  Set  up  for  the  electric  field  modulation  technique. 


Frequency  (GHz) 

Fig. 3.  A  spectral  hole  burnt  in  TPP/PVB  (5  x  10'^  M, 
thickness  178  pm),  measured  with  (a)  the  laser  double 
beam  technique  and  (b)  the  electric  modulation  technique. 
The  hole  was  burnt  by  tuning  the  dye  laser  to  660  nm  and 
irradiating  the  sample  at  20  ^iW/cm^  for  30  sec  at  5.2  K. 


V  M 


Fig.S.  The  structure  of  pyropheophorbide  a  methyl 
ester.  M:  -CHs,  E:  -CH2-CH3  V:  .CH=CH2 
P:  -CH2-CH2-COOH. 


Frequency  (GHz) 

Fig. 4.  The  dependence  of  the  modulated  signal  on  the 
amplitude  of  the  external  electric  field  in  PPME/PVB. 
The  amplitudes  of  the  electric  field  are.  (a)  2.5  kV/cm, 

(b)  5  kV/cm,  (c)  7.5  kV/cm,  (d)  15  kV/cm,  and 
(e)  20  kV/cm,  respectively. 
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Recent  material  research  has  been  devoted  to  search  for  two- 
color  or  photon-gated  photochemical  hole  burning  mechanisms 
in  inorganic  as  well  as  organic  materials.  A  mechanism  for 
photon-gated  spectral  hole  burning  by  donor-acceptor 
electron  transfer  in  a  material  composed  of  meso-tetra-p- 
tolyl-tetrabenzoporphyrinato) zinc  (TZT)  (Donor)  with 
halomethanes (acceptor)  in  poly (methylmethacrylate)  (PMMA) 
thin  film  at  1.4K  was  reported  by  Carter  et  al.^-^^ 

In  this  paper,  we  report  a  new  series  of  organic  systems, 
RZT/AC/PMMA,  for  photon-gated  photochemical  hole 
burning (PGPHB)  by  donor-acceptor  electron  transfer  at  4.2K, 
The  donor  molecules (RZT)  are  meso-tetraaryl  derivatives  of 
zinc-tetrabenzoporphyrin,  aryl=phenyl (PZT) ,  p-tolyl(TZT)  and 
a-naphthayl (NZT)  respectively.  The  acceptor  can  be  one  of 
several  aromatic  cyanides (AC)  instead  of  halomethane,  for 
example,  cyanobenzene,  cyanonaphthalene,  or  cyanoanthracene . 
Optical  samples  are  prepared  by  mixing  the  chloroform 
solution  of  donor,  acceptor  and  PMMA  in  a  appropriate  ratio 
and  then  evaporating  of  the  solvent  on  a  optical  glass  at 
room  temperature.  The  concentration  of  samples  were  adjusted 
to  give  thin  film  between  50-100um  with  an  OD  value  at 
intended  Ai  in  the  range  of  0.5-0. 7  at  room  temperature. 
Acceptable  samples  were  then  placed  in  an  optical  immerion 
crystat  containing  liquid  helium.  All  PGPHB  experiments  were 
performed  at  4.2K. 

An  Ar"*"  ion  laser  pumped  ring  RhB  dye  laser  with  a  3GHz 
linewidth  was  used  to  provide  for  exciting  the  0-0 

component  of  the  -  Sq  transition  of  RZT  molecules  in 
PMMA.  This  laser  beam  was  not  focused  and  beam  diameter  at 
sample  was  about  4mm.  The  gating  irradiation  Aa was  provided 
by  2-21  mW  beam  from  the  Ar^  ion  laser.  The  intensities  of 
both  beam  at  the  sample  were  adjusted  by  a  combinations  of 
neutral  density  filter.  The  A»  power  P^^  was  between  1-21  uW 
for  burning  and  reading.  The  detection  of  holes  burnt  was 
performed  by  scanning  Ai  and  detecting  the  sample 
transmission  with  a  photomultiplier (EMI  9635QA)  and  lock-in 
amplifier (EG&G  PARC  5209)  and  the  results  were  recorded  by 
an  X-Y  recorder (YEW3036) .  Hole  depth  was  determined  from  the 
required  spectra  as  aT/T^  values,  where  aT  is  the 
difference  between  final  and  initial  transmittance  Tj^  at 
the  laser  frequency. 
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Three  characteristics  were  observed  in  these  new  systems  for 
PGPHB  as  following: 

1.  The  new  systems  of  RZT/AC/PMMA  have  a  broadened 

inhomogeneous  absorption  band  variations  from  330  to  390  cm~^ 
centered  at  627  nm  dependence  on  the  concentration  of  donor 
and  acceptor  in  PMMA.  The  full  width  at  half  maximum (fwhm) 
for  0-0  component  of  the  -  Sq  transition  of  RZT  is 

larger  10-30%  than  that  of  TZT/CHCl^  /PMMA  system  and  a 
saturated  phenomenon  of  inhomogeneous  linewidth  variation 
was  observed,  while  both  concentration  of  donor  and  acceptor 
increasing  simultaneously  in  a  constant  ratio  of 
donor/acceptor .  The  latter  is  useful  for  selecting  proper 
composition  of  acceptable  thin  film  sample  for  high 
performance  PGPHB. 

2.  The  new  systems  appear  a  typical  photon-gating  character¬ 
istics.  The  representative  photon-gated  characteristics  for 
the  various  systems  are  listed  in  table  1. 

Table  1  The  characteristics  of  PGPHB  in  RZT/AC/PMMA  systems 


RZT 

O 

(A) 

(m^) 

AT/T. 

(%) 

fwhm 

(A) 

t 

(min. ) 

G 

6231.0 

4 . 0 

21 

22 

1.07 

1 

6278.0 

4.0 

21 

27 

0.45 

1 

HZT 

6282.0 

4 . 0 

21 

54 

0.64 

2 

6300.0 

4 . 0 

21 

29 

0.40 

2 

6353 . 5 

4.0 

21 

8 

0.50 

2 

6232 . 5 

4 . 0 

21 

62 

0.56 

2 

6278 . 5 

4.0 

21 

228 

0.57 

2 

6300.5 

4.0 

21 

124 

0.35 

2 

PZT 

6353 . 5 

4.0 

21 

19 

0.38 

2 

6301.5 

21 

0 

11 

— 

2 

6304 . 5 

21 

16 

103 

0.79 

2 

9.4 

6238 . 0 

4.0 

21 

23 

0.30 

2 

6278.0 

4.0 

21 

121 

0.35 

2 

6350.0 

4.0 

21 

24 

0.30 

2 

TZT 

6300.5 

4.0 

0 

0 

0 

2 

6300.0 

7.6 

0 

0 

0 

2 

6302 . 0 

19 

0 

10 

— 

2 

6298.0 

19 

16 

118 

0.77 

2 

11 . 8 

6231 . 0 

4.0 

21 

74 

0.64 

2 

6278 . 0 

4 . 0 

21 

100 

0.45 

2 

6300.0 

4 . 0 

21 

71 

0.41 

2 

NZT 

6352 . 0 

4.0 

21 

46 

0.56 

2 

6302 . 5 

21 

0 

17 

— 

2 

6306.0 

21 

16 

77 

0.72 

2 

11.0 
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Each  value  was  obtained  by  a  sample  with  a  certain  ratio  for 
RZT/AC  in  PMMA,  using  2  min.  irradiation  for  both  X,  andAa- 
The  gating  ratio,  G,  as  the  ratio  of  depth  of  a  two-color 
hole  to  the  depth  of  a  one-color  hole,  for  equal  Ai 
irradiation  times  and  burnt  intensities.  As  showing  in 
table  1,  one-color  hole  burnt  can  only  observed  in  the 
condition  of  higher  selecting  frequency  powers (P,  ),  no 

observable  hole  is  formed  in  the  case  of  lower  P^  values.  It 
shows  that  these  system  exhibit  very  low  efficiency  for 
single-photon  reaction  either  in  excited  singlet  states  or 
in  the  lowest  excited  triplet  states  of  donor  molecules. 
However,  two-photon  photochemical  reaction  by  donor-acceptor 
electron  tranfer  in  upper  excited  triplet  states  could  be 
easily  occurred  to  produce  persistent  spectral  hole  burning 
in  the  presence  of  gating  beam 

It  is  just  required  to  add  proper  threshold  for  photon-gated 
hole  burning  to  overcome  the  destructive  readout  with  the 
reading  irradiation  in  the  single  photon  mechanism  . 

3.  The  new  systems  can  be  easily  burnt  for  multiple  photon¬ 
gated  hole  burning.  A  typical  multiple  PGPHB  is  observed  in 
the  lower  hole  burning  powers(P^  =l.lpW,P2  =2.3mW)  and 
shorter  burnt  time (t=lmin. )  for  PZT/AC/PMMA  system  which 
exhibits  a  higher  sensitibility  and  a  less  effect  on  the 
depth  of  the  previous  burnt  holes  in  multiple  hole  burning 
as  showing  in  Fig.l, 


x,(A) 

Fig.l  The  multiple  PGPHB  for  PZT/AC/PMMA  at  4.2  K. 
P^  =1.1)jW,P2  =2.3mW,  t=lmin. 


The  holes  depth  are  100-300%  with  0.34-0.50  A(fwhm), 
especially  up  to  300%  deep  hole  can  be  burnt  to  appear  the 
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overall  efficiency  of  gated  hole  formation  which  is 
proportional  to  the  hole  depth  is  very  high.  It  implys  that 
the  intrinsic  probability  for  electron  transfer  from  the 
upper  triplet  levels  of  donor  to  the  nearby  aromatic  cyanide 
acceptors  in  the  system  of  PZT/AC/PMMA  is  as  well  larger 
than  that  for  TZT/CHCI3  /PMMA  system. 
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The  photochemical  reaction  in  the  hole-burning  process  of 
metal-free  porphyrins  has  been  ascribed  to  the  photoinduced 
tautomerism  of  central  two  protons  through  the  triplet  stated’. 
For  further  understanding  of  the  reaction  mechanism,  one  of  the 
useful  approachs  is  to  modify  the  lifetimes  of  the  excited  states 
without  changing  energy  levels.  The  population  of  electronic 
states  under  laser-excitation  will  be  influenced  considerably, 
but  the  electronic  structure  itself  will  not  change  so  much.  The 
quantum  yield  of  the  hole-formation  will  be  also  influenced  if  it 
depends  mainly  on  the  population  of  the  state  where  the  reaction 
starts.  In  this  study,  we  modified  the  lifetimes  by  enhancing 
the  intersystem  crossing  rates  with  a  paramagnetic  effect  of 
copper(ll)  atom.  The  starting  point  of  the  reaction  will  be  dis¬ 
cussed  with  the  quantum  yields  and  the  population  of  the  states. 

The  metal-free  porphyrins  used 
were  tetra- tolylporphyrin  (HzTTP) 
monomer  and  its  dimer  shown  in 
figure  1  which  is  covalently  linked 
to  copper(II)  tetra-tolylporphyrin 
moiety  (CuTTP)  with  -(CH2)3-  chain. 

These  porphyrins  were  dispersed  in 
PMMA  as  cast  films  with 
concentrations  2.2x  10”^  mol/1 
(monomer)  and  3. lx  10“^  mol/1 
(dimer),  and  thickness  0.80  mm  Figure  1.  Open  conformation 

(monomer)  and  0.75  mm  (dimer). 

The  absorption  spectra  of  Q-band  at  4.4  K  are  shown  in 
figure  2.  The  spectrum  of  the  dimer  may  be  regarded  as  the 
simple  1:1  superposition  of  HzTTP  and  CuTTP  as  in  the  case  of 
solution^’.  As  CuTTP  has  no  absorption  in  the  region  longer  than 
625  nm^’,  the  longest  wavelength  absorption  band  of  the  dimer 
must  consist  solely  of  the  Qx(O-O)  band  of  the  HzTTP  moiety. 

Thus,  in  burning  this  band,  we  have  only  to  take  account  of  the 
excitation  of  the  HzTTP  moiety.  As  is  shown  in  table  1,  the  half 
width  of  this  band  of  the  dimer  is  1.3  times  larger  than  that  of 
the  monomer.  The  conformational  variation  between  the  counter- 
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part  Cu7TP  and  the  II^TTP,  In  addition  to  tiie  amorpiious  polymer 
matrix,  may  bring-  some  iniiomogeneous  broadening  duo  to  the  fluc¬ 
tuation  of  dimer  coupling. 


450  500  550  600  650  700 


Wavelength  /nm 


Figure  2.  Absorption  spectra 


The  hole-burning  was  done  with  both  a  nano  second  pulse 
laser  (Quanta-Pay  DCR-11,  PDL~3.*  pulsewldth  6  ns,  repetition  10 
I!z.  linowidth  0.07  cra-^)  and  a  cw  laser  (COHERENT  CR-699-29: 
linewidth  <  lO"'*  cm"^)  on  the  Qx(O-O)  absorption  band  indicated 
witii  the  arrow  in  figure  2.  The  burning  conditions  were  made  as 
equal  as  possible  in  using  the  same  laser.  Holes  were  detected 
as  transmission  spectra  with  a  hlgh-resolutlon  monochromator 


(JOBIN  YVON  THR1500:  resolution 
0.05  cm'^).  Figure  3  shows  the 
fluence  dependence  of  the 
holearea  with  the  pulse  laser. 
Several  times  amount  of  fluence 
Is  necessary  for  the  dimer  to 
grow  to  the  same  extent.  As  the 
absorbances  of  both  samples  are 
almost  the  same,  this  result 
Indicates  that  the  quantum  yield 
of  the  dimer  is  smaller  than 
that  of  the  monomer.  Quantum 
yields  estimated  from  the  Initial 
stages  are  summarized  In  table  1. 
The  yield  of  the  dimer  decreased 
only  to  1/5  (pulse)  or  1/3  (cw) 
times  compared  with  that  of  the 
monomer.  By  comparing  this  fact 


Figure  3.  Fluence  vs.  holearea 


Table  1  Holewidth,  quantum  yield,  and  inhomogeneous  width 


width ( cm” ^ ) 

quantum  yield 

inhomo  .  wi  d  tli 

pulse  cw 

pulse  cw 

( cm” ^ ) 

monomer 

0.25 

0.25 

2x  10-^  3x  10-^ 

330 

dimer 

0.36 

0.29 

4x  10-^  lx  10-^ 

440 

with  the  change  of  population  estimated  from  a  simple  rate  equa¬ 
tion,  we  suggest  that  the  photochemical  reaction  may  start  from 
the  excited  singlet  state  rather  than  the  triplet  state.  We  can 
easily  estimate  the  population  of  each  level  under  steady  state 
condition.  The  rate  equations  are 

dNs(t)/dt  =o  INo(t)-kNNs(t)'*kF'Ns(t)~kiscNs(t),  (1) 

dNT(t)/dt  =  kiscNs(t)  —  k-rN-r  ( t )  ,  (  2  ) 

where  No(t),  Ni3(t),  N-r(t)  are  number  of  molecules  at  ground(So), 
singlet(Sx).  triplet(Tx)  states  respectively,  and  their  total 
number  is  N:  kN,  k^,  kisc,  k^-  are  rates  of  the  nonradiative  tran¬ 
sition  from  Si  to  So.  the  fluorescence,  the  Intersystem  crossing, 
and  the  total  of  the  phosphorescence  and  the  nonradiative  transi¬ 
tion  from  Ti  to  So  respectively,  as  are  shown  in  figure  4;  a  is 
absorption  cross  section  and  1  is  intensity  of  laser.  As  for  tlie 
product  state,  a  term  -kF>Ns(t),  where  kp  is  a  rate  for  the 
product  state,  must  be  added  to  the  right  side  of  (1)  if  the 
reaction  for  hole-formation  starts  from  Si;  and  -kpNT(t)  to  (2) 
if  it  starts  from  Ti  .  Assuming  kp  <<  kiv ,  kp ,  kisc,  k-r,  these 
terms  can  be  negligible.  The  steady  state  approximation  gives 

No  =  N/a  ,  (3) 

Ns  =  ((oI/(kp  +  kN'*'kisc))(N/a),  (4) 

Nt  =  ( kisc/kT) ( ( o  1/ ( kp+kN+kisc ))(N/a),  (5) 

where 

Q  =  1+0  I/(kF-  +  kN  +  kisc)  +  (  kisc/kT-)  (o  l/Ckp  +  kN+kisc)).  (6) 

Thus,  we  can  estimate  the  population  of  each  level  if  each  k  is 
available.  Not  available  Itself,  we  use  the  values  from  the  pre¬ 
vious  reports  though  our  present  situation  in  RMiMA  at  4.4  K  Is 
somewhat  different.  In  toluene  at  room  temperature^^  ’  ,  the 
fluorescence  lifetime  (t  f-)  of  the  monomer  were  11.7  ns,  while 
that  of  the  dimer  were  shortened  to  3.1  ns.  The  quantum  yield 
(<{>  p)  of  the  fluorescence  of  the  monomer  was  0.12  and  the  dimer 
0.026.  The  decay  lifetimes  (  x  -r)  of  tiie  triplet  state  of  the 
monomer  was  1.1  ms  and  the  dimer  1.1  ms.  As  the  Intcrsystcm 
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crossing  of  the  UzTTP  moiety  In  the  dimer  is  promoted  by  the 
paramagnetic  effect  from  the  CuTTP  moiety,  both  the  singlet  and 
the  triplet  lifetimes  become  shortened.  As  for  the  instersystem 
crossing  yield  {  <t>  isc)  ,  we  adopt  0.70  for  both  the  monomer  and 
the  dimer  which  is  from  the  value  of  H^TPP''^  because  the  value  of 
H2TTP  Itself  is  not  known.  Using  the  next  relations; 


T  F-  - 

1/ ( kp"  +  kiM  +  ki sc )  > 

(7) 

II 

kr/ ( kF'+kiM +k I sc )  • 

(8) 

4*  ISC 

-  kisc/ ( kp- +  kN  +  k I sc )  , 

(9) 

each  k  can  be  calculated.  Under  the  weak  excitation  condition, 


4)  . 

( 5 )  are  wrl tten 

as 

(monomer ) 

(dimer ) 

No 

=  (1-7. 7x  10-^0 

I)N 

(1-7. 7x 

0 

1 

'J 

3  I)N 

Ns 

=  1.2X  10-«a 

IN 

3.  IX 

10-°o 

IN 

Nt 

=  7 . 7x  10-^0 

IN 

7. 7x 

IN 

The  Si  population  decreases  to  1/3.8  and  Ti  to  1/1000  at  the  same 
laser  intensity.  Assuming  that  quantum  yield  depends  mainly  on 
the  population  of  starting  state,  the  decrease  of  quantum  yields 
to  1/5  -  1/3  suggests  that  the  photochemical  reaction  may  start 
from  the  Si  state.  The  discussions  so  far  does  not  deny  the 
protons  tautomerism  reaction  itself.  We  can  consider,  at  the  mo¬ 
ment,  two  possibilities  for  this  reaction  from  the  singlet  state; 
one  is  the  allowed  energy  transfer  between  the  Si  states  of  the 
two  tautomer  due  to  the  local  Inhomogenel ty  of  the  matrix,  and 
the  other  is  the  tunneling  from  Si  to  non-adlabatlc  So  potential 
of  the  tautomer. 


„  Figure  4. 
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Homogeneous  dephasing  processes  and  optical  storage  in  Pr  doped  YAI03  crystals 
have  b^een  examined  using  photon  echoes  produced  by  gated  continuous  wave  laser 
excitation. 

two^ulse  photon  echo  decay  time  of  the  ^H4  -  ^Dl  transition  in  0.1% 
Pr"*  :YAI03  has  been  measured  as  a  function  of  excitation  pulse  ener^.  The 

excitation  energy  dependence  of  the  decay  time  is  essentially  the  same  tor  the 
first  and  the  second  pulse  in  the  excitation  sequence.  TTiis  is  different  from 
the  behaviour  recently  observed  in  Eu'^^:Y203  and  Tb^^:LiYF4  [1-3],  where 
mainly  the  second  pulse  intensity  affected  the  two-pulse  photon  echo  decay 
time. 

By  frequency  chiiping  write  and  read  pulses,  photon  echo  data  storage  and 
recall  of  about  50  bits  at  a  single  location  have  been  performed  using  a 
continuous  wave  dye  laser  and  a  copropagating  geometry  for  the  excitation 
beams  [4].  Single-shot  storage  and  recall  was  performed  with  very  good 

signal-to-noise  ratio.  The  bit  rate  in  the  data  sequence  was  «20  MHz.  The 
decay  rate  and  storage  experiments  are  separately  described  below. 

Photon  echo  decay  in  the  ^H.  -  *D_  transition  in  0.1%  Pr^^rYAlO^ 

The  excitation  sequence  for  the  two-pulse  photon  echoes  was  generated  by 
acousto-optically  gating  a  CR699-21  ring  dye  laser.  The  excitation  pulse 

duration  was,  for  most  cases,  900  ns  and  tne  pulse  energy  was  varied  between  2 
and  40  nJ  yielding  photon-echo  decay  times  ranging  approximately  from  70  to  20 
MS  (photon-echo  decay  time  here  stands  for  4  times  the  1/e  decay  time). 
Different  excitation  energies  were  produced  by  attenuating  the  excitation 
pulses  by  neutral  density  filters  or  by  changing  the  acousto-optic  modulator 

voltage.  Tbe  two  approaches  produced  the  same  decay  time  within  10%.  Strong 
first  and  weak  second  pulse  or  weak  first  and  strong  second  pulse  also  gave 
the  same  decay  time  within  10%.  To  obtain  long  decay  times  both  excitation 
pulses  had  to  be  weak.  At  low  excitation  energies  the  observed  decay  time 
significantly  exceeded  the  litterature  value  for  the  homogeneous  dephasing 

time  (35  ms).  Since  the  first  and  second  pulse  energy  affect  the  decay  time  in 
the  same  way  the  energy  dependence  can,  to  our  under-standing,  not,  as  recent 

excitatioq^ energy  dependent  photon-echo  decay  time  measurements  in  Eu^^:Y203 
and  Tb^  :LiYF4,  be  attributed  to  instantaneous  spectral  diffusion,  in  those 

measurements  mainly  the  second  pulse  energy  influenced  the  decay  time  [1-3]. 

By  examining  two  crystals  of  different  thickness  (0.4  mm  and  1.0  mm)  we  have 
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concluded  that  optical  density  effects  [5]  are  not  the  main  reason  for  the 
observed  energy  dependence  in  Pr:YA103.  The  measured  photon-echo  decay  times 
can  be  parametrized  as  a  function  of  the  sum  of  the  excitation  energy  in  the 
two  pulses  but  not  as  a  function  of  the  energy  in  one  of  them  only.  Also  we 
have  verified  that  the  decay  times  cannot  be  parametrized  as  a  function  of 
echo  intensity  or  as  a  function  of  excitation  pulse  area  [6]. 

We  have  attempted  to  separate  the  decay  rate  (r)  of  the  photon  echo  as 

r  =  y(radiative)  +  y(magnetic)  +  y(excitation) 

where  r(radiative)  is  the  inverse  of  two  times  the  185  ms  radiative  lifetime 
of  the  ^D2  state,  y  (magnetic)  is  the  decay  rate  contribution  induced  by 
nuclear  spin-flips  in  the  A1  lattice  atoms  and  y  (excitation)  is  an  excitation 
energy  dependent  decay  rate,  y (magnetic)  can  be  quenched  by  the  application  of 
a  magnetic  field. 
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Fig.  1.  Photon-echo  decay  rate  versus  excitation  energy  raised  to  1/3  with 
(L)  and  without  (+)  magnetic  field. 


Fig.  1  shows  the  decay  rate  vs  excitation  energy  raised  to  1/3  with  (A)  and 
without  (  +  )  magnetic  field  [7].  The  decay  contribution  removed  by  the  magnetic 
field  is  approximately  independent  of  excitation  pulse  energy.  This  may 
indicate  that  the  mechanism  for  the  excitation  energy  dependent  decay  is  an 
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interaction  of  non-magnetic  origin,  however,  the  magnetic  fields  used  here 
have  been  rather  small  (<150  Gauss).  Surprisingly  a  resonance  could  be 
observed  for  the  photon  echo  decay  time  versus  magnetic  field.  A  few  years  ago 
Wokaun  and  coworkers  [8]  looked  for  resonances  in  photon  echo  decay  as  a 
function  of  magnetic  field  for  the  ■*H4  -  *D2  transition  at  magnetic  fields 

which  produced  magnetic  field  induced  level  crossings.  No  resonances  were, 
however,  observed.  The  resonance  observed  in  this  work  does  not  appear  to  be 
connected  to  magnetic  field  induced  level  crossings  though.  Further  investi¬ 
gations  of  the  observed  resonance  are  in  progress. 


Photon-echo  data  storage  using  a  frequency  chirped  continuous  wave  laser 

In  comparison  with  persistent  spectral  hole-burning  (PSHB),  photon  echo 
storage  has  the  advantage  that,  for  a  given  transition,  the  bitrate  is  limited 
by  the  inhomogeneous  transition  line-width  instead  of,  as  in  PSHB,  by  the 
homogeneous  line-width.  If  the  data  input  sequence  in  photon-echo  storage  is 
modulated  at  a  high  rate,  write  and  read  pulses  must  have  large  Fourier  widths 
in  order  to  recall  the  Fourier  components  of  the  stored  data  sequence.  Pulsed 
lasers  have  commonly  been  u.sed  to  produce  short  Fourier  broadened  pulses  with 
an  energy  sufficient  for  storing  and  recalling  the  data  sequences.  To  decrease 

the  energy  needed  in  the  write  and  read  pulses  frequency  chirping^  of  th^se 

pulses  can  be  used  [9].  We  have  recently  used  this  approach  on  the  ■^H4  -  ^D2 
transition  in  Pr^^:YA103.  By  changing  the  voltage  across  an  intra-cavity 
mounted  ADP  crystal  the  dye  laser  output  frequency  could  be  changed  by 
approximately  75  MHz.  All  pulses  were  copropagating  thus  eliminating  all  beam 
overlap  problems.  A  gated  Pockels’  cell  at  the  detection  side  protected  the 
photomultiplier  tube  against  the  excitation  pulses.  With  a  data-rate  of  20  MHz 

and  single  data-bit  energies  of  200  pJ  single-shot  storage  and  recall  of  data 

sequences  of  about  a  microsecond  duration  was  performed.  Read  and  write  pulse 
energies  then  were  around  25  nJ. 
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The  salts  of  pseudoisocyanine  (PIC)  have  very  specific  optical  properties.  Under  certain 
conditions  (concentration,  temperature)  the  PIC-molecules  form  linear  aggregates  in 
solution.  Since  the  coupling  between  the  molecules  comprising  the  aggregate  is  very 
strong,  the  excited  states  are  delocalized  over  a  large  range.  A  coherence  length  on  the 
order  of  1000  A  is  not  uncommon.  These  excitonic  states  carry  momentum  and,  hence,  the 
physics  of  these  systems  shows  novel  phenomena  as  compared  to  small  probe  systems.  Such 
phenomena  are  ,  for  instance,  extreme  motional  narrowing  of  inhomogeneous  line  broadening 
and  a  very  specific  temperature  dependence  of  the  homogeneous  width  due  to 
exciton-phonon-scattering  processes  in  which  both,  energy  as  well  as  momentum,  have  to  be 
conserved. 

We  first  focus  onthe  line  narrowing  phenomena.  Line  narrowing  in  PIC-aggregates  can  be 

observed  at  various  levels  of  resolution.  Most  obvious  is  the  narrowing  of  the 

inhomogeneous  absorption  band  of  the  monomer:  As  the  monomers  aggregate,  a  sharp  band  (or 

several  sharp  bands)  appears  at  the  red  edge  of  their  absorption  band  (J-band).  Its  width 

is  narrowed  by  a  factor  on  the  order  of  ten  as  compared  to  the  monomer.  This  phenomenon 

has  already  been  discovered  by  Scheibe  and  Jelly  in  1936  /1, 2/.  The  narrowing  factor  is 
-1/2 

roughly  given  by  N  ,  where  N  is  the  number  of  PIC-molecules  within  the  coherence  length 
/3/.  From  the  measured  width,  one  determines  N  to  be  on  the  order  of  100.  Two  of  these 
narrowed  absorption  lines  are  shown  in  Fig.l.  The  sample  is  PIC-iodide  in 
ethyleneglycol-water  glass. 

Recently  it  has  been  discovered  that  spectral  holes  could  be  burnt  into  the  J-bands  /4/. 
This  offered  the  opportunity  to  measure  the  homogeneous  linewidth  of  the  exciton  band.  In 
determining  the  homogeneous  width  from  a  hole  burning  experiment,  spectral  diffusion 
broadening  is  usually  a  problem  /5,6/.  Spectral  diffusion  occurs  because  the  glass  matrix 
is  a  non  ergodic  system  and  may  change  its  configuration  during  the  burning  and  detection 
period.  This  is  a  severe  problem  for  small  probe  systems.  However,  for  extended  states,  as 
in  the  PIC-aggregates,  it  plays  no  significant  role.  Since  spectral  diffusion  is  an 
inhomogeneous  line  broadening  contribution  it  is  averaged  out  to  a  large  degree  by  a  fast 
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As  to  the  exciton-phonon-scattering  it  is  obvious  from  Fig.2  that  such  processes  cannot 
take  place  between  300  mK  and  10  K.  It  seems  that  in  this  temperature  range  there  are  no 
phonons  which  satisfy  the  required  energy  and  momentum  conditions.  The  rather  large 
residual  width  in  this  temperature  range  of  0.36  cm’^  is  attributed  to  the  fluorescence 
decay.  Due  to  the  superradiant  behaviour  of  the  coherently  coupled  molecules  in  the  chain 
m,  this  decay  is  very  fast  and  accounts  for  the  29  ps  as  deduced  from  the  observed 
linewidth.  Around  15  K  the  hole  starts  to  broaden.  Obviously,  a  phonon  gets  populated 
which  satisfies  the  required  conditions.  This  phonon  has  an  energy  of  27  cm’^.  We 
attribute  it  to  an  acoustic  phonon  of  the  the  chain.  Above  55  K,the  first  optical  phonon 
which  is  able  to  scatter  comes  in  and  leads  to  a  steep  increase  of  the  width  with 
increasing  temperature.  Along  these  lines  of  reasoning  the  fit  curve  is  a  superposition  of 
the  thermal  population  factors  of  the  two  phonons  and  a  constant,  which  accounts  for  the 
low  temperature  width.  This  contrasts  with  glasses  doped  with  small  probe  molecules,  where 
the  homogeneous  width  increases  according  to  a  power  law  with  exponents  between  1 
and  2. 

In  summary,  PIC-salts  show  very  specific  optical  properties,  which  originate  from  a  large 
coherence  length  of  the  excited  states.  As  the  cations  of  the  PIC-salts  are  varied,  the 
coherence  length  changes  and  hence  these  properties  can  be  experimentally  controlled  to 
some  extent. 
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moving  exciton.  This  is  directly  seen  in  the  lower  part  of  Fig.l:  The  evolution  of  a  hole 
was  measured  over  five  orders  of  magnitude  in  time.  Its  shape  is  shown  at  the  beginning  of 
the  observation  period  and  at  the  end.  Though  the  hole  experiences  a  significant  change, 
its  width  remains  constant.  For  small  probe  systems,  the  situation  is  quite  different: 
There,  the  width  may  increase  in  such  a  time  span  by  more  than  a  factor  of  two. 


Fig.  1 

a)  Exciton  peaks  in 
pseudoisocyanine 

b)  Spectral  diffusion  behavior 
of  a  hole  burnt  into  the 
longwavelength  e.xciton  band 
(arrow). 


A  similar  narrowing  phenomenon  occurs  for  holes  which  broaden  when  external  pressure  is 
applied.  The  broadening  under  pressure  is  inhomogeneous,  too,  and,  hence,  is  narrowed  by 
the  moving  exciton.  This  is  exactly  what  is  observed  in  PIC-aggregates. 
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All  these  experiment  demonstrate  that  inhomogeneous  contributions  to  the  hole  width  are  of 
no  importance.  Then,  it  is  straight  forward  to  measure  the  homogeneous  width  with  the  hole 
burning  technique.  The  result  is  shown  in  Fig.2 


r - 1 - 1 

0  50  100 


T  [K]  - 

Fig.  2:  Hole  width,  extrapolated  to  zero  energy  absorption, 
as  a  function  of  temperature. 


The  thermal  behaviour  of  the  homogeneous  width  of  extended  states  in  glasses  is  also  very 
different  from  small  probe  systems.  There  are  two  reasons  for  this:  First,  the 
TLS-interaction  with  the  exciton  seems  to  be  small,  hence,  the  dephasing  is  caused  by 
phonon-scattering-processes.  Second,  in  these  processes,  not  only  the  energy  but  also  the 
momentum  has  to  be  conserved. 

That  the  TLS-exciton  interaction  does  not  play  an  important  role,  is  obvious:  A 
TLS-relaxation  is  a  rather  local  event,  and,  hence,  does  not  have  a  large  influence  on  an 
extended  state  with  a  coherence  length  of  1000  A  or  so. 
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Molecular  Theory  of  Inhomogeneous  Broadening  in  Glasses 

J.  L.  Skinner 

Department  of  Chemistry 
University  of  Wisconsin 
Madison,  WI  53706 

The  absorption  spectra  of  impurities  in  liquids,  glasses,  and  crystals  are  often 
inhomogeneously  broadened.  This  means  that  different  impurities  reside  in  different 
environments,  which  are  static  on  the  relevant  time  scale,  and  which  perturb  the  energy 
levels  of  the  impurities  to  produce  a  distribution  of  transition  energies.  This 
inhomogeneous  broadening  overwhelms  the  intrinsic  linewidth  of  an  individual  impurity 
(the  homogeneous  linewidth),  and  is  therefore  a  complicating  feature  of  high-resolution 
spectroscopy.  On  the  other  hand,  from  a  technological  perspective  inhomogeneous 
broadening  is  interesting  because  it  is  necessary  for  hole-burning,  and  hence  for  optical 
storage.  And  from  a  scientific  perspective  it  is  also  interesting  since  it  provides  a  prc’^e  of 
the  local  disorder  in  complicated  condensed  phase  systems.  In  this  talk  I  will  discuss  a 
molecular  theory  of  inhomogeneous  broadening  in  an  attempt  to  understand  this  effect 
within  a  microscopic  statistical  mechanics  framework. 

The  theory  begins  by  considering  an  impurity  (solute),  which  in  each  of  its  vibronic 
states  interacts  in  a  pairwise  manner  with  surrounding  solvent  molecules.  Specifying  the 
pair  interaction  potential  energy  for  each  solute  state,  the  solvent  density,  the  solute-solvent 
radial  distribution  function  (which  is  proportional  to  tiie  probability  of  finding  a  solvent 
molecule  a  given  distance  away  from  the  solute),  and  the  solvent-solvent  radial  distribution 
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function,  is  sufficient  to  describe  with  resonable  accuracy  the  distribution  of  energy  levels 
for  each  solute  state.  In  addition,  for  a  pair  of  states  one  can  determine  the  conditional 
probability  that  if  a  solute  has  energy  E  in  one  state  it  has  energy  E'  in  another.  Depending 
on  the  correlation  between  these  two  energy  distributions  this  conditional  probability  will 
be  narrow  or  broad,  and  one  can  understand  its  behavior  from  a  knowledge  of  the 
molecular  interactions  and  solvent  structure. 

A  simple  absorption  experiment  measures  only  the  difference  between  two  energy 
leve's,  and  hence  cannot  provide  direct  information  about  the  energy  distributions  or 
conditional  probabilities  described  above.  However,  within  the  molecular  theory  one  can 
instead  consider  the  transition  energy  distributions  between  different  pairs  of  levels,  and  the 
conditional  probabilities  that  if  a  solute  has  a  transition  energy  AE  for  one  transition  it  has 
transition  energy  AE'  for  another  transition.  This  latter  conditional  probability  is  precisely 
what  is  measured  in  a  variety  of  nonlinear  experiments.  For  example,  in  nonresonant 
fluorescence  line  narrowing  one  selects  the  energy  of  the  Sq-Si  transition  with  narrow- 
band  excitation,  and  then  frequency  resolves  the  fluorescence  to  a  vibronic  level  in  So-  In 
phosphorescence  line  narrowing  one  again  selects  the  energy  of  the  Sq-Si  transition  with 
narrow-band  excitation,  and  then  (after  intersystem  crossing)  frequency  resolves  the 
resulting  phosphorescence  from  T i  to  Sq.  In  a  photochemical  holebuming  experiment  one 
can  bum  a  narrow  hole  in  Sq-Si  and  then  measure  the  absorption  spectrum  of  the 
photoproduct,  or  antihole.  In  photochemical  or  photophysical  holebuming  one  can  bum  a 
narrow  hole  in  a  vibronic  transition  and  then  probe  the  hole  width  of  a  different  vibronic 
transition.  Finally,  in  a  closely  related  type  of  experiment,  one  can  bum  a  narrow  hole  in 
Sq-Si,  perturb  the  solute  environment  by  changing  the  pressure  or  electric  field,  and  then 
monitor  the  resulting  hole  width  change.  Each  of  these  experiments  can  in  principle  be 
described  by  our  molecular  theory,  and  I  will  discuss  several  examples  in  some  detail.  The 
analysis  of  these  experiments  with  this  molecular  theory  provides  information  about  the 
local  smicture  of  glasses,  and  about  solute-solvent  interactions. 
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Inhomogeneous  broadening  also  plays  a  role  in  energy  transfer  experiments  in 
disordered  systems.  If  one  considers  energy  transfer  between  two  like  chromophores,  the 
efficiency  of  transfer  depends  on  both  the  distance  between  the  pair  and  the  transition 
energy  difference  of  the  pair.  For  example,  for  incoherent  phonon-assisted  energy  transfer 
the  rate  is  proportional  to  the  phonon  weighted  density  of  states,  which  increases  with 
increasing  energy  gap.  On  the  other  hand,  for  coherent  or  resonant  energy  transfer  and 
Anderson  localization  problems,  the  process  is  most  efficient  with  zero  energy  gap.  In 
either  case  the  transfer  efficiency  will  depend  strongly  on  whether  or  not  the  transition 
energy  distributions  for  the  two  chromophores  are  correlated,  which  in  general  will  be  the 
case,  since  two  nearby  chromophores  are  interacting  with  the  same  solvent  molecules.  We 
have  extended  our  molecular  theory  to  describe  this  situation,  and  several  examples  will  be 
discussed. 
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Time-resolved  transient  hole-burning  in  disordered  systems 

Silvia  Volker 
University  of  Leiden 
The  Netherlands 

Microsecond-living  transient  holes  have  been  burned  and  probed,  as  a  function  of  time 
and  temperature,  with  a  diode  laser.  Results  are  discussed  in  terms  of  spectral  diffusion 
and  compared  with  experiments  on  longer  time  scales  in  glassy  and  crytalline  systems. 
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Accumulated  photon  echoes  as  a  probe  of  radiationless 
relaxation  processes  in  Nd-doped  glasses 


Keith  W.  Ver  Steeg,  Roger  J.  Reeves,  Richard  C.  Powell 
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Accumulated  photon  echoes  (APE)  were  used  to  measure  the  dephasing  rates 
of  Nd^"*"  in  various  inorganic  glasses  as  a  function  of  excitation  wavelength, 
sample  temperature,  and  laser  power.  Although  dephasing  processes  of  optical 
transitions  in  solids  are  of  considerable  interest,  they  are  poorly  under¬ 
stood,  largely  due  to  the  lack  of  experimental  data  on  femtosecond  and  picose¬ 
cond  time  scales.  The  APE  technique  using  sub-picosecond  laser  sources  has 
made  it  possible  to  measure  in  the  time  domain  dephasing  rates  of  inhomoge- 
neously  broadened  transitions  in  amorphous  systems. This  technique  there¬ 
fore  acts  as  a  complement  to  dephasing  experiments  done  in  the  frequency 
domain,  such  as  spectral  holeburning.  Other  researchers  have  used  similar 
stimulated  echo  techniques  to  optically  store  binary  information  in  solid 
state  materials . ^ Thus  the  results  of  this  work  provide  information  useful 
to  the  understanding  of  fundamental  physical  processes  affecting  the  charac¬ 
teristics  of  spectral  holeburning  and  in  addition  they  may  have  direct  appli¬ 
cation  to  optical  storage  techniques  based  on  photon  echoes. 

In  this  experiment,  a  Nd-YAG  laser  was  mode  locked,  pulse  com¬ 
pressed,  and  frequency  doubled,  to  provide  a  82  MHz  pulse  train  that  synchro¬ 
nously  pumped  a  tunable  dye  laser.  This  system  produced  nearly  transform  lim- 
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ited  350-400  femtosecond  pulses  tunable  from  5/0  to  610  nm.  The  dve  laser 
wavelength  was  tuned  across  tlie  inhomogeneous!  v  broadened  ^*lq/2  ^*^’5/2 

transition  of  neodymium,  atid  the  accumulated  photon  echoes  col  inear  with  the 
probe  beam  were  detected  with  a  silicon  photodiode  and  phase  sensitive  ampli¬ 
fier.  The  measured  APE  signal,  which  has  a  characteristic  decay  rate  of  2/T2, 
was  stored  in  a  computer  and  fitted  to  a  single  or  double  exponential  func¬ 
tion.  APEs  from  Nd^'*'  ions  in  silicate,  fluoride,  and  germanate  glasses  (with 
Nd^"*”  molar%  concentrations  of  3.  5,  and  4,  respect  ivelv)  were  measured  at 
temperatures  between  lOK  and  lOOK.  The  results  provided  information  about  how 
the  APE  decay  rate  varies  as  a  function  of  wavelength  and  temperature  depend¬ 
ing  on  the  glass  structure. 

A  typical  result  is  shown  in  Figure  1  for  lithium  germanate  glass.  The 
dephasing  rate  increases  as  the  laser  source  is  tuned  to  shorter  wavelengths. 
Assuming  that  the  dominant  dephasing  process  inv-olves  radiationless  relaxation 
to  lower  Stark  components  within  the  manifold,  the  results  show  that 

these  processes  are  more  probable  for  larger  energy  gaps.  The  trends  are 
similar  for  the  silicate  and  fluoride  glasses.  The  optical  dephasing  rate  for 
a  given  excitation  frequenev  and  temperature  increases  from  germanate  to  sili¬ 
cate  to  fluoride  glasses. 

The  data  are  interpreted  in  terras  of  single  phonon  radiationless  relax¬ 
ation  processes.  The  variations  from  host  to  host  are  associated  with  the 
differing  phonon  densitv  of  states  and  electron-phonon  coupling  in  each  mate¬ 
rial.  The  echo  decays  for  all  three  glasses  were  found  to  be  single  exponen¬ 
tial  (Figure  2).  Oscillations  of  the  .APE  signal  intensity  were  observed  near 
zero  time  pulse-probe  delay  for  the  fluoride  glass  (Figure  3)  and  are  attrib¬ 
uted  to  optical  density  effects.^ 


APE  intensity  (V)  absorption  (orb.  units) 
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Figure  1  APE  dephasing  rate  versus  excitation 
wavelength  for  doped  lithium  germanate  glass 

at  lOK.  The  solid  line  is  the  low  temperature 
absorption  spectrum  of  the  sample. 
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Figure  2  APE  decay  curve  for  Nd^'*’  doped  lithium 
germanate  glass  at  lOK.  The  fitted  line  is  single 
exponential.  T2  =  16.1  ps . 
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pulse-probe  delay  (psec) 

Figure  3  APE  decay  curve  for  Nd^"*”  doped  fluor¬ 
ide  glass  at  lOK.  Fitted  line  is  single  exponen¬ 
tial  .  T2  =  5 . 6  ps  . 
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Persistent  Spectral  Hole-Burning  of  Pr  ions  in 
(Zr02)i-x(Y2Cb)x  mixed  crystals 
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Many  persistent  spectral  hole-burning  (PSHB)  experiments  on  various 
organic  glasses  and  polymers  doped  with  organic  molecules  reveal  that  the 
temperature  dependence  of  the  homogeneous  linewidth  (Th)  is  ^  at  low 
temperatures  (0.3  K  ~  20  K)  In  contrast  to  organic  molecules,  very  few 
PSHB  data  exist  for  rare  earth  ions  in  inorganic  materials  while  data  by 
fluorescence  line-narrowing  (FLN)  above  ~10K  are  considerably  accumulated 
Macfarlane  and  Shelby  observed  PSHB  in  Pr^^-  and  Eu^^-doped  silicate  glasses 
and  reported  that  Fh  of  them  have  a  °  -  dependence  Similar  results  were 
obtained  by  Van  der  Zaag  et  al.^l  In  pure  crystals,  Fh  is  theoretically  expected  to 
have  a  T’  -  dependence  in  the  low  temperature  region  and  a  -  dependence 
above  the  Debye  temperature  (Raman  process) 

In  spite  of  the  relatively  long  history  of  research  in  this  field,  there  are  many 
unsolved  problems  concerning  the  condition  for  possibility  of  the  persistent  hole, 
and  mechanism  which  controls  the  hole  width  and  its  temperature  dependence. 
These  problems  are  profoundly  related  to  inhomogeneous  properties  or  disorder 
in  the  host  material.  However,  most  of  works  in  the  past  did  not  treat  the 
disorder  in  a  systematic  way.  In  order  to  clarify  this  point,  it  is  necessary  to 
study  PSHB  under  systematic  control  of  the  disorder  and  to  reveal  how  T^  - 
dependence  of  Ft  in  pure  crystals  changes  into  T“  -  dependence  (l<cc<2)  in 
glasses.  YSZ  (yttria  stabilized  zirconia),  (Zr02)/_XY203)x ,  is  suitable  for  this 
purpose  as  mentioned  below. 

It  is  well  known  that  YSZ  is  a  typical  superionic  conductor  of  the  oxygen 
ion  having  many  oxygen  vacancies  tor  the  charge  compensation.  YSZ  is 
considered  to  have  an  intermediate  property  between  crystalline  and  amorphous 
materials;  X-ray  diffraction  measurements  of  YSZ  crystals  show  clearly  the 
CaF2  structure,  while  the  diffuse  neutron  scattering  measurements  indicate 
random  displacements  of  oxygen  ions  Such  a  distribution  of  oxygen  ions  will 
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act  as  a  random  potential  on  optical  centers  (such  as  Pr’^,  Ei^^,  etc.)  replacing 

sites.  This  type  of  disorder  can  be  controlled  by  changing  the  composition. 

In  the  present  study,  polycrystalline  samples  of  YSZ  (Y2O3:  10  mol%) 
containing  a  small  amount  of  Pr^^  ions  (2  mol%)  were  used.  Three  absorption 
bands  (ot;  6115A,  P;  6085 A,  7;  5825 A)  have  been  observed  in  Pt^^  doped  YSZ. 
They  are  assigned  to  crystal  field  (CF)  components  of  the  =»  *D2  transition 
of  Pi^^  ions  by  the  analogy  with  the  free-ion  electronic  energy  diagram 
Inhomogeneous  linewidths  of  these  bands  are  200  ~  300  cm  \  which  are  a  little 
narrower  than  those  in  silicate  glasses,  but  much  broader  (10^  ~  10^  times)  than 
in  pure  crystals,  such  as  CaF2  or  LaFs.  This  suggests  that  YSZ  considerably  has 
a  glassy  property  as  far  as  the  effect  on  the  electronic  transitions  is  concerned. 
When  excitation  is  made  into  these  absorption  bands,  a  structured  broad  emission 
band  is  observed  around  6400  A,  consisting  of  four  components  at  least.  The 
energy  positions  and  widths  of  the  peaks  in  the  excitation  spectrum  for  the  6400 
A  emission  are  almost  the  same  as  those  in  the  absorption  spectrum.  The  origin 
of  the  6400  A  emission  band  is  assigned  to  the  transition  from  the  lowest  CF 
component  of  ^D2  to  several  higher  CF  components  of  ^ELj. 

Holes  were  burned  into  the  absorption  band  of  Pr^^  ions  by  irradiating  with 
a  single  frequency  dye  laser  (CR  699-21)  with  a  frequency  jitter  width  of  ~  1 
MHz.  A  typical  laser  intensity  on  the  sample  under  burning  was  -100  W/cm^. 
The  hole  was  detected  by  measiuring  the  emission  excitation  spectrum  of  the 
6400  A  band  with  a  beam  attenuated  by  a  factor  of  50  -  100.  Signals  were 
obtained  by  a  lock-in  detection  technique  and  accumulated  20  ~  30  times  by  a 
digital  storage  oscilloscope  synchronized  with  a  ramp  signal  which  scans  the 
laser  wavelength.  Typical  measuring  time  of  the  holes  was  5  minutes. 

Long-lived  holes  can  be  burned  in  the  region  from  6093  A  to  6146  A  which 
corresponds  to  the  a  band.  Figure  1  shows  typical  hole  spectra  at  4.2K,  6K,  9K, 
14K,  and  18.7K  obtained  by  the  irradiation  of  the  6135  A  laser  light  (-100 
W/cm^).  Burning  time  was  2  minutes  in  all  cases.  As  the  temperature  is  raised, 
the  width  of  the  hole  becomes  wider  and  the  depth  shallower.  We  hardly  bum 
out  holes  above  25K.  Moreover,  it  is  confumed  that  burned  holes  disappear 
when  the  temperature  is  raised  up  to  50  K  (erase  process).  As  for  the  origin  of 
holes,  two  types  of  mechanisms  have  been  known  to  bring  about  long-lived  holes 
in  glasses  containing  rare  earth  ions;  optical  pumping  mechanism  and  non- 
photochemical  process  which  involves  an  optically  induced  rearrangement  of  the 
local  stracture  of  the  glasses  In  the  former  case,  anti-holes  are  observed  in 
any  case  and  holes  are  stable  only  at  the  low  temperatures  (<  4  K).  In  YSZ,  anti¬ 
holes  can  not  be  recognized  and  holes  can  be  burned  at  relatively  high 
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temperatures  (~20  K).  Therefore,  the  optical  induced  local  lattice  rearrangement 
is  likely  to  give  rise  to  holes  in  YSZ. 

We  found  that  the  hole  can  not  be  burned  in  the  higher  energy  absorption 
bands  (P  and  y  bands).  The  width  of  the  hole  did  not  depend  on  the  excitation 
wavelength  under  the  same  biuning  time.  As  for  the  reason  why  holes  can  not  be 
burned  in  the  p  and  y  bands,  we  tentatively  consider  as  follows:  Electrons 
excited  into  the  higher  CF  level  of  ^D2  by  the  light  corresponding  to  the  p  or  y 
band  quickly  relax  into  the  lowest  CF  level  of  *D2  before  changing  the  local 
structure  around  Pr^*  ions.  And  this  level  have  so  different  inhomogeneous 
distribution  function  from  that  of  p  or  y  band  that  the  electrons  distribute  all 
around  the  inhomogeneous  linewidth  of  the  lowest  level,  leading  to  no  hole  as  a 
result. 


Flg.l  Hole  spectra  burned  at  613SA 
in  YSZ:Pi3+(2  mol  %). 


Fig.2  Temperature  dependence  of  the 
homogeneous  linewidth. 


The  homogeneous  linewidth,  Fh,  is  obtained  by  calculating  H(0)/2,  where 
H(0)  is  the  zero-burning  limit  value  of  the  hole  width.  H(0)  is  determined  by 
extrapolating  the  data  for  various  burning  times  (tb)  to  tb-K).  In  Fig.2  are  shown 
values  of  Fh  for  the  a  band  of  ions  by  closed  circles  against  temperatures  (T) 
in  log-log  scale.  Data  points  are  fltted  to  a  function  of  Fh=oT^  by  the  least- 
squares  method  and  the  result  is  shown  by  a  straight  line  m  the  figure.  One  can 
find  a  T^  *  dependence  of  Fh-  It  is  well  known  that  Fh  (Hz)  is  represented  by 
using  energy  relaxation  time  Ti  and  pure  dephasing  time  T2*  as  Fh  =  l/x  (l/2Ti  + 
I/T2*).  The  value  of  Ti  for  the  lowest  CF  component  of  ‘D2  was  determined  as 
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-110  JUS  at  4.2  K  by  measuring  the  transient  response  of  the  6400  A  emission. 
By  using  this  Ti,  l/(27cTi)  gives  ~  1  KHz,  which  is  10^  ~  10^  times  smaller  than 
the  observed  hole  width.  Therefore,  it  is  concluded  that  the  homogeneous 
linewidth  is  determined  mainly  by  T2*  for  the  a  band  in  Pr^^-doped  YSZ  in  this 
temperature  region.  The  temperature  dependence  of  Fh  in  YSZ  is  similar  to  that 
obtained  in  various  polymers  and  amorphous  materials,  rather  than  in  other  rare 
earth  doped  crystals.  This  means  that  in  phase  relaxation  processes  YSZ  has  a 
similar  nature  to  amorphous  materials. 

For  molecular  systems  in  polymers  and  glasses,  several  models  including  a 
coupling  of  electrons  to  two  level  systems  (TLS)  are  proposed  and  T'-^  - 
dependence  of  Fh  is  explained  In  YSZ,  existence  of  TLS  has  already  been 
suggested  from  specific-heat  measurements  at  the  low  temperature  A 
probable  candidate  which  acts  as  TLS  is  the  tunneling  motion  of  mobile 
vacancies,  which  contributes  to  the  ionic  conductivity  in  YSZ.  It  is  very 
probable  that  the  temperature  dependence  of  Fh  of  ions  in  YSZ  also 
originates  from  the  interaction  with  TLS.  To  make  clear  the  hole-burning 
mechanism  and  the  origin  of  the  temperature  dependence  of  the  homogeneous 
linewidth,  it  will  be  effective  to  study  holes  in  YSZ  systems  with  different 
composition,  i.e.  with  different  degrees  of  disorder. 
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The  nature  of  inhomogeneous  broadening  in  rare  earth  systems  plays  an  important  role 
in  the  dynamieal  optical  properties  of  ions  in  crystals.  For  this  reason  much  of  the  work  on 
the  nature  of  the  inhomogeneous  broadening  in  rare  earth  doped  systems  has  concentrated 
on  the  investigation  of  ion-ion  interactions  such  as  spectral  transfer  and  up  conversion 
processes.i-^  Variations  in  homogeneous  optical  dephasing  times  across  the 
inhomogeneous  optical  line  have  also  been  reported.'*  These  studies  concentrate  on  the 
variations  of  collective  effects  of  ion-  ion  interactions  at  different  positions  in  the 
inhomogeneous  optical  line  in  relatively  heavily  doped  rare  earth  systems.  We  report 
variations  in  optically  detected  NQR  (ODNQR)  linewidths  and  shifts  of  Pr3+  hyperfine 
transitions  in  the  optical  ground  state  as  a  function  of  position  in  the  inhomogeneous  optical 
line  and  for  satellite  transitions  of  the  *D2-  transition  in  lightly  doped  (0.5  at.  %) 
Pr3+;LaF3.  A  systematic  increase  in  the  broadening  of  the  Pr  hyperfine  transitions  is 
observed  as  the  laser  is  tuned  toward  the  wings  of  the  inhomogeneous  optical  transition 
without  a  shift  of  the  NQR  center  frequency.  The  principle  contribution  to  the  200kHz 
(FWHM)  inhomogeneous  width  of  the  Pr  hyperfine  levels  is  explained  by  magnetic  dipole- 
dipole  interactions  between  the  Pr  nuclei  and  the  neighboring  fluorine  spins.  This 
contribution  remains  constant  across  the  Stark  broadened  optical  transition.  Thus  we 
show  the  existence  of  an  additional  broadening  mechanism.  We  postulate  that  this 
broadening  is  due  to  the  interaction  of  the  *'**Pr  nuclear  quadrupole  moment  with  the 
electric  field  gradients  associated  with  random  point  defects.  In  the  case  of  the  satellite 
transitions  associated  with  ion  pairs,  the  point  defect  is  simply  the  second  Pr  ion  and  thus 
will  produce  a  unique  quadrupole  shift.  We  measure  the  ODNQR  spectra  for  these  satellite 
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transitions  and  find  the  hyperfme  transitions  shifted  and  narrower  than  in  the  wings  of  the 
main  optical  line. 

A  0.5  at.  %  Pr3+;LaF3  crystal  at  2°K  is 
mounted  in  a  pair  of  capacitor  plates  which 
produce  a  voltage  parallel  to  the  crystal  C2  axis. 

This  allows  a  Stark  modulated  optical  pumping 
cycle  to  be  employed.'^  In  this  technique,  a 
lOOkHz  sawtooth  voltage  is  applied  to  the  plates. 

No  voltage  is  applied  for  the  first  half  of  the  cycle 
during  which  a  hole  is  burned  in  the  optical 
spectrum  (resulting  in  no  absorption).  This  is 
followed  by  a  fast  (compared  to  the  rate  of  optical 
pumping)  ramp  voltage  during  which  absorption 
from  those  ions  swept  into  resonance  with  the 
laser  by  the  ramp  is  detected.  The  enhanced 
absorption  from  anti-holes  is  also  detected.  The 
ramp  voltage  Stark  modulates  the  ions  through  a 
span  of  iOO  MHz  in  our  experiment.  The  ions 
sampled  during  the  ramp  pan  of  the  cycle 
experience  a  lesser  degree  of  holebuming  since 
they  are  in  resonance  with  the  laser  for  a  smaller 
fraction  of  the  cycle.  The  resulting  modulated 
transmission  is  lock-in  detected  and  recorded. 

We  refer  to  the  amplitude  of  this  signal  as  the 
SMOP  amplitude. 

The  crystal  is  placed  inside  an  untuned  RF  coil  connected  to  a  power  amplifier  and  RF 
sweep  generator.  The  laser  polarization  can  be  applied  either  along  the  crystal  C2  axis, 
allowing  the  r(l)-r(l)  a  transition,  or  perpendicular  to  the  crystal  C2  axis,  in  which  case 
this  a  transition  is  forbidden  by  symmetry.  However,  due  to  symmetry  breaking  crystal 
field  distortion  in  the  vicinity  of  the  ion  pairs,  the  ion  wavefunctions  are  slightly  mixed, 
allowing  the  perpendicular  polarization  to  produce  a  weak  k  polarized  transition  for  these 
ions.6  Since  the  polarizers  are  not  perfectly  aligned,  some  of  the  much  stronger  a 
transitions  always  occur  during  measurements  made  with  the  7t  orientation.  While  this 
does  not  present  a  problem  far  from  the  main  optical  transition,  it  allows  the  a  transitions  of 
the  main  optical  line  to  overwhelm  any  7:  transition  satellites  in  this  region. 


Fig.  1  (a)  The  main,  inhomogeneously 
broadened  optical  line  of  Pr3+:LaF3.  (b) 
Variation  of  the  NQR  width  (FWHM)  of 
the  16.67  MHz  5/2  to  3/2  hyperfine 
transition  of  Pr  as  a  function  of  position  in 
the  inhomogeneous  optical  line. 
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The  two  peak  structure  of  the  5/2  to  3/2  Pr 

hyperfine  splitting  observed  for  two  of  the  optical 

doublets  (Fig.3  and  Fig.4  )  may  arise  from  two  '2' 

overlapping  satellite  ions  unresolvable  under  the  3 

inhomogeneous  optical  line.  Another  possibility  is 

that  the  doublet  is  a  manifestation  of  Pr-Pr  ^ 

a, 

magnetic  dipolar  coupling  between  an  ion  pairs.  | 

ITie  ODNMR  spectrum  of  the  Pr  3/2  to  5/2  0" 

hyperfine  transition  associated  with  the  satellite 

marked  s  in  Fig. 2  is  narrower  (280  kHz  FWHM) 

than  that  found  in  the  wings  of  the  main  optical  line 

and  is  shifted  by  10  kHz  to  16.57  MHz.  This  is  a 

small  shift  compared  to  the  >100  kHz  of  additional 

Pr  NQR  linewidth  broadening  seen  in  the  wings  of  Fig.2.  SMOP  amplitude  as  a  function  of 

the  laser  frequency  in  the  vicinity  of  the 

the  main  optical  line.  It  apears  that  a  small  but  3H4-ID2  (r(l)-r(l) )  transition  for  both  the 

discrete  shift  in  the  Pr  NQR  resonant  frequency  (allowed)  (a),  and  the  it  polarizations  (b). 

^  The  vertical  scale  for  (b)  is  enhanced  by 

occurs  for  an  ion  pair  relative  to  the  NQR  transition  j-^ughly  a  factor  of  iCtO. 

for  a  single  Pr  ion. 

The  Pr^"^  hyperfine  ground  state  is  described  by  a  spin  Hamiltonian  which  is  a 
combination  of  the  magnetic  pseudo  quadrupole  interaction  and  a  "real"  quadrupole 
interaction  arising  from  the  interaction  of  the  •'••Pr  nuclear  quadrupole  moment  with  the 
crystal  field  gradient.  We  propose  that  the  ODNQR  linewidth  variations  and  shifts  at 
different  positions  in  the  optical  line  arise  from  the  latter.  An  order  of  magnitude  estimate 
of  the  relative  contributions  of  the  pseudo  quadrupole  contribution  and  the  "real" 
quadrupole  contribution  can  be  made  by  estimating  the  electric  field  gradient  at  the  Pr  site 
using  La  NQR  data  for  LaF3.^  The  field  gradient  obtained  in  this  way  should  be  about  the 
same  as  the  gradient  at  the  Pr  site,  since  the  two  ions  occupy  the  same  site  (although  the  Pr 
ion  undoubtedly  distorts  its  surroundings  to  some  extent.)  The  relative  values  of  the 
Stemheimer  anti-shielding  factor  for  the  two  ions  is  also  unknown.  An  order  of  magnitude 
estimate  made  in  this  way  indicates  that  the  contribution  from  the  pseudo  quadrupole 
interaction  in  Pr  is  roughly  50x  larger  than  that  produced  by  the  LaF3  field  gradient. 

Despite  the  relatively  small  value  of  the  Pr  nuclear  quadrupole  moment,  the  shifts  and 
broadenings  we  measure  are  of  a  size  commonly  encountered  in  nuclear  quadrupole 
spectroscopy. 


SMOP  Amplitude  (arb.  units) 
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Fig.  3.  The  5/2  to  'ill  Pr  hyperfine 
transition  spectrum  of  the  satellite  transition 
marked  w  in  Fig.  2.  Laser  polarization  is 
in  n  orientation.  Laser  frequency  offset  of 
(a) -50  GHz.  (b) -60  GHz.  (c)  -65  GHz 
(d)  -70  GHz. 


RF  (MHz) 


Fig.  4.  The  5/2  to  3/2  Pr  hyperfine 
transition  spectrum  of  the  satellite  transition 
marked  v  in  Fig.  2.  Laser  polarization  is 
in  a  orientation.  SMOP  signal  is  inverted 
relative  to  Fig. 3  due  to  an  instrumental 
effect  Laser  frequency  offset  of  (a) 
+35  GHz.  (b)  +40  GHz.  (c)  +45  GHz. 
(d)  +49  GHz. 
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Introduction. 

Zero-phonon  lines  (ZPL)  in  the  spectra  of  impurities  in  solids  are  extremely  narrow  and 
intense.  Due  to  these  unique  features,  an  impurity  -  guest  can  serve  as  a  very  sensitive  probe  of 
both  the  quasistatic  structural  disorder  (inhomogeneous  broadening)  and  dynamical  processes 
(homogeneous  broadening)  in  the  matrix  -  host".  Site  selective  high  resolution  spectroscopy,  in 
particular,  persistent  hole  burning,  can  be  successfully  used  to  remove  inhomogeneous 
broadening"^^  and  can  provide  useful  information  about  relaxation  and  propagation  of  elementary 
excitations  in  solids.  For  glasses  at  low  temperatures  actual  excitations  are  phonons  and  two-level 
systems^*  (TLS).  The  following  properties  of  the  persistent  hole  in  the  pure-electronic  absorption 
band  of  an  impurity  introduced  in  a  glassy  matrix  should  be  mentioned  in  this  respect:  (i)  at  low 
temperatures  the  width  is  determined  mainly  by  the  electron-TLS  interaction'*’^*;  (ii)  the  hole 
intensity  and  width  ate  highly  sensitive  to  external  perturbations,  particularly,  to  thermal  ones; 
(iii)  the  optical  dephasing  time  is  usually  shorter  than  and  spectral  diffusion  time  is  usually  longer 
than  the  typical  times  determining  the  thermalization  processes  in  glasses.  Therefore,  the  hole 
spectra  can  be  used  as  a  suitable  ’intrinsic  thermometer’  in  time-resolved  studies. 

Recently  we  demonstrated**  an  extremely  high  sensitivity  of  a  hole  in  the  spectrum  of  the 
organic  impurity  in  amorphous  polymer  to  a  relatively  weak  optical  excitation  that  is  not  in 
resonance  with  optical  absorption  spectra  of  this  impurity,  but  falls  within  the  vibronic  band  of 
anther  impurity  or  within  an  infrared  vibrational  band  of  the  matrix-host.  Photoexcitation 
generates  nonequilibrium  phonons  that  change  the  TLS  populations  distribution  and  results  in  the 
(partly  reversible)  hole  width  increasing,  intensity  reducing  and  shape  changing  i.e.  hole  shows 
photoinduced  spectral  diffusion.  In  the  present  paper  we  will  discuss  results  of  the  photoinduced 
spectral  diffusion  study  in  the  conditions  of  good  and  week  thermal  link  between  sample  and 
helium  bath  in  the  temperature  range  0.6-5  K. 

Experimental. 

We  studied  samples  of  amorphous  polystyrene  (PS)  doped  with  impurities  of  two  types:  Hj- 
octaethylporphin  (OEP,  concentration  *'7x10’’  cm  ’)  and  ClAl-phtalocyanine  (Pc,  5x  10'*cm  ^).  The 
persistent  hole  is  burnt  in  the  OEP  0-0  absorption  band  of  S,  -  Sq  transition  (X^„=618.5  nm, 
0*150  cm  ')  by  a  single  -  mode  dye  laser  (0.01  -  0.1  mW/cm^)  at  Xo=619  nm.  The  hole  shape 
is  Lorentzian  with  width  5^,=0.03  cm  '  at  T=1.45  K  (Fig  la).  After  hole  burning,  the  sample  was 
in  the  same  direction  illuminated  by  He-Ne  laser  radiation  (632.8  nm,  <50  mW/cm^)  that  matches 
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the  0  -1  vibronic  (intramolecular  vibration  =1100  cm  ',  OD=0.4)  band  of  the  Pc  impurity  but  is 
outside  the  OEP  absorption  band.  The  kinetics  of  the  hole  filling  and  recovering  were  studied  by 
measuring  the  transmission  at  the  center  of  the  hole  under  excitation  by  a  632.8  nm  beam 
modulated  by  an  acoustooptic  modulator.  Two  experimental  setups  were  used:  in  setup  #1  the 
sample  was  immersed  in  liquid  He,  while  in  setup  #2  a  weak  link  between  He^  and  a  sample 
placed  in  vacuum  was  used.  The  temperature  was  varied  in  the  first  case  from  1.45  to  4.2  K,  in 
the  second,  from  0.6  to  5  K.  The  main  results  can  be  summarized  as  follows. 

(1)  Under  illumination,  the  hole  depth  decreases  and  width  grows  (Fig.  l,a  and  b).  For  small 
change  in  the  transmission  at  the  hole  center  I,  AI/I<0.1,  the  hole  shape  remains  Lx»rentzian  while 
for  large  changes  the  significant  deviations  from  this  shape  are  observed  (Fig  lb).  The  effect  is 
observed  only  if  the  holebuming  and  illuminating  tracks  overlap  in  setup  #1  while  such 
overlapping  is  not  needed  in  setup  #2.  (2)  The  change  of  the  hole  depth  depends  linearly  on  the 
illumination  intensity  in  a  wide  range  of  the  hole  depth  change,  AI/I=0-0.95.  (3)  The  time 
dependence  of  the  hole  depth  change  AI(t)  for  AI/I^.  1  follows  the  exponential  law  for  both  the 
filling  and  recovery  kinetics  (Fig.  2) ,  however,  the  recovery  kinetic  significantly  depends  on  the 
illumination  intensity  (Fig.  3).  The  characteristic  time  T  in  both  setups  grows  with  temperature 
approximately  as  T  ’  for  T>1.2  and  remains  constant  at  lower  temperatures  (Fig.  4).  However, 
this  time  is  not  intrinsic:  it  depends  on  the  sample  thickness  and  essentially  increases  for  the  case 
a  of  weak  link  with  the  helium  bath  (Fig.  2b  and  d).  (4)  After  switching  off  the  illumination,  the 
hole  recovers  only  partially  (Fig.  Ic  and  3).  For  longer  times  a  very  slow  (roughly  logarithmic) 
recovery  process  is  observed:  the  hole  increases  and  narrows  (Fig.  Id)  that  is  opposite  to  the 
usual  spectral  diffusion'’’^’^ 

Model  and  discussion. 

Suppose,  that  after  hole  burning  the  system  is  subjected  to  an  external  time-dependent 
perturbation  which  changes  the  impurity  ZPL  shape  function  ao(o))  to  a, (to)  but  does  not  change 
the  homogeneous  distribution.  Then  for  weak  burning  the  hole  shape  is  determined  as*' 

F{Q-Qf)~{jd(J)aQ{QQ-w)a.^{^l-^J)))  (1) 


where  flio  is  the  laser  frequency  and  the  average  is  over  all  the  values  of  the  transition  energy  o). 
At  T  <  5  K  the  system  studied  is  in  the  slow  modulation  regime  of  line  broadening"’*',  r(E)  < 
5(T),  where  F  is  the  reciprocal  lifetime  of  the  TLS  upper  level.  In  this  case  Exp.(l)  leads  to 

•• 

F(Q-Qo,I)-/ iJ|iexp(  i(Qo-Q)n-«(,(T  W-j;  thlEj  I2T  )f<lrA/  (C^.r,r)[1  -COS(K/r)lil  ) 


8o{r  )-{k‘I3)PT  IKJ  a\ 


Vf.r)-V„  l[r%) 


(2) 
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Here  Ej  is  the  energy  of  jth  TLS,  Aj  is  the  asymmetry  parameter,  a  -  mean  distance  between  host 
molecules,  Af(E,r,t)  -  change  of  the  population  factor  for  the  upper  level  of  TLS.  It  is  seen  that 
the  change  of  the  hole  parameters  is  controlled  by  the  temporal  and  spatial  evolution  of  the  TLS 
population  numbers. 

The  light  absorption  in  the  vibronic  band,  followed  by  fast  (=1  ps)  radiationless  processes, 
leads  to  the  creation  of  nonequilibrium  phonons  with  a  broad  spectral  distribution.  In  addition, 
TLS  are  excited  by  high-frequency  phonons  through  Raman  and  a  relaxation  absorption 
processes.  As  a  result,  a  nonequilibrium  density  of  phonons,  An(Q),  r),  and  of  TLS,  Af(E,r,t), 
arises  in  the  illumination  beam  track.  The  next  relaxation  stage  is  much  slower  and  described 
by  coupled  kinetic  equations  in  the  diffusion  approximation  with  sources  An  and  Af.  The  solution 
for  Af(E,r,t)  in  Exp.(2)  contains  two  terms  Afj+Afj.  The  first  term  is  a  propagating  part  describing 
essentially  a  diffusion  of  the  phonons  which  interact  resonantly  with  TLS  (the  sample  heating). 
It  is  assumed  that  all  phonons  have  a  unique  temperature  T*(r,t),  i.e.  the  process  is  controlled 
by  thermal  diffusivity  D(T)  =  K(T)/C(T)  where  K(T)  -  thermal  conductivity,  C(T)  -  heat 
capacity,  and  the  diffusion  time  Tq  =  PL^/D(T),  where  L  -  mean  size  of  the  excited  region,  P  = 

1.  Since  for  glasses  at  T  =  1  -  10  K,  D(T)'-'T  and  at  T  <  1  K,  D(T)-^T  the  observed 
dependence  of  x  upon  the  temperature  can  be  readily  explained.  In  the  case  of  good  cooling 
(setup  #1),  L  =  1  mm  is  the  sample  thickness  or  the  illuminating  beam  diameter  and  at  T=1.5 
K  for  PS  one  has  x  *  10  ms.  In  the  case  of  weak  link  (setup  #2)  the  distance  between  the  laser 
beam  and  the  point  of  the  heat  drain  10  mm)  plays  the  role  of  the  L  and  one  has  x  *  1  s.  At 
relatively  high  illumination  intensity  we  overheat  the  sample  and  D  becomes  intensity  dependent. 
That  brings  about  the  nonexponential  recovery  kinetic  and  the  need  to  solve  a  nonlinear  equation 
for  a  quantitative  description. 

The  second  (non-propagating)  term  Afj  is  due  to  excited  TLS  and  leads  to  the  deviation  of  the 
relaxation  kinetic  from  the  diffusional  model  at  late  stages  and  to  the  slow  recovery  after 
switching  off  the  illuminations  due  to  TLS  cooling.  Moreover,  the  change  of  the  hole  shape  can 
be  also  ascribed  to  nonequilibrium  TLS  since  such  TLS  should  be  localized  in  a  small  volume 
around  the  absorbing  Pc  molecules.  Calculations  assuming  the  Poisson  distribution  are  in 
qualitative  agreement  with  the  experiment. 

1.  See,  e.g.  Zero-Phonon  Lines  and  Spectral  Hole  Burning  in  Spectroscopy  and  Photochemistry, 
ed.  by  O.Sild  and  K.Haller,  Springer-Verlag,  Berlin,  Heidelberg  (1988). 

2.  See,  e.g.  Persistent  Spectral  Hole-Burning:  Science  and  Applications,  ed.  by  W.E. 
Moemer,Springer-Verlag,  Berlin,  Heidelberg  (1988). 

3.  See,  e.g.  S.  Hunklinger  and  A.K.  Rayenhandhori,  in:  Progress  in  Low  Temperature  Physics, 
ed.  by  D.E.  Brewer,  North-Holland,  1986,  p.265. 

4.  See,  e.g.  K.K.  Rebam  and  AA.  Gorokhovskii,  J.  Luminescence  38,  267  (1987). 

5.  J.  Friedrich  and  D.  Haarer,  in:  Optical  Spectroscopy  of  Glasses,  ed  by  I.  Zchokke,  Riedel 
(1986),  p.149. 

6.  A  A.  Gorokhovskii,  G.S.  Zavt  and  V.V.  Palm,  JETF  Lett.,  48,  369  (1988). 

7.  KA.  Littau  and  MD.  Foyer,  Chem.  Phys.  Lett.,  176,  551  (1991). 

8.  MA.  Krivoglaz,  Soviet  Phys.  JETF  61,  1284  (1985). 
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Fig  1.  Hole  shape:  a-original  hole; 
b  -  during  illumination,  P=40  mW/cm^; 
c  -  30  s  after  illumination  is  turned 
off;  d  -  1200  s  later. 


Fig.  2  Kinetics  of  the  change  in  the 
transmission  I  at  the  hole  center  at 
various  temperatures;  a,  b  -  setup  #1, 
c,  d  -  setup  #2.  P=5  mW/cm^. 
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Applications  of  spectral  hole-burning  spectroscopies  to  the  excited 
electronic  states  and  transport  dynamics  of  photosynthetic  units 

G.  J.  Small 

Ames  Laboratory-USDOE  and  Department  of  Chemistry 
Iowa  State  University 
Ames,  Iowa  50011 

Hole-burning  methodologies  suitable  for  the  study  of  excited  electronic  state  structure, 
energy  and  electron  transfer  dynamics,  electron-phonon  coupling,  and  heterogeneity  of 
photosynthetic  units  are  discussed. 
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The  critically  important  picosecond  and  sub-picosccond  events  of  photosynthesis  occur  in 
the  photosynthetic  unit  which  is  comprised  of  an  antenna  (light  harvesting)  and  reaction  center 
complex.  The  major  photocatalysts  are  chlorophylls  (Chls)  which  operate  off  their  Qy(Sj)-state. 
The  early  time  events  are  energy  (optical  excitation)  transfer  within  and  between  different 
complexes  of  the  antenna  and  from  the  antenna  to  P*  (excited  state  of  a  special  Chi  pair)  of  the 
reaction  center  whose  population  initiates  primary  charge  separation.  An  understanding  of  these 
events  requires  a  firm  understanding  of  the  excited  state  electronic  and  vibrational  structures  of  a 
protein-pigment  complex,  the  coupling  of  electrons  and  electronic  transitions  to  the  protein 
phonons,  vibrational  and  phonon  relaxation  times  and  the  structural  heterogeneity  afforded  by  the 
"glass-like"  protein.  Conventional  spectroscopic  techniques  provide  little  information  of  this  type 
because  the  Qy-absorption  bands  at  low  temperatures  carry  widths  of  ~  100-500  cm'\  depending 
on  the  nature  of  the  pigment  and  protein. 

Recently,  spectral  hole  burning  spectroscopies  (nonphotochemical,  photochemical  and 
transient  population  bottleneck)  have  been  applied  with  considerable  success  to  the  primary 
donor  state  absorption  profiles  of  the  reaction  centers  of  photosystem  I  [1]  and  photosystem  II 
[2-4]  of  green  plants  (P700  and  P680,  respectively)  and  P870  and  P960  of  the  purple  bacteria 
Rhodobacter  sphaeroides  and  Rhodopseudomonas  viridis  [5-7].  The  antenna  complexes  studied 
include  those  of  photosystem  I  [8,9],  the  base-plate  BChl  a  (bacteriochlorophyll  a)  protein 
complex  of  the  green  algae  Prosthecochloris  aestuarii  [10],  the  B800-B850  and  B875  BChl  a 
proteins  of  Rb.  sphaeroides  [11-13]  and  the  phycobilisomes  of  Masticogladus  laminosus  [14].  Hole 
burning  has  led  to  an  improvement  in  the  resolution  of  the  Qy-absorption  bands  of  2-4  orders  of 
magnitude  and  the  observation  of  zero-phonon  holes  (ZPH)  has  led  to  the  first  determinations  of 
energy  and  electron  transfer  dynamics  from  a  well-defined  level  {total  zero-point). 
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Of  equal  or  greater  interest  than  the  ZPH  is  the  entire  hole  profile  and,  specifically,  the 
burn  wavelength  (A^)  dependence  of  the  profile.  This  is  because  the  Ajj-dependent  hole  spectra 
contain  important  information  on  the  site  inhomogeneity  (r,)  and  linear  electron-phonon 
("delocalized”  protein  and  intermolccular  "localized"  pigment  modes)  coupling  (P^p)  contributions 
to  the  absorption  width.  It  was  the  photochemical  hole  burned  spectra  of  P870  and  P960  which 
led  to  the  development  of  an  accurate  theory  for  hole  profiles  which  is  valid  for  arbitrarily  strong 
electron-phonon  coupling  [15,16].  In  addition  to  the  contributions  from  Pj  and  P^p  to  the 
absorption  width  (P),  there  can  be  a  significant  contribution  from  exciton  level  structure  and 
inter-exciton  level  scattering  (P^)  in  antenna  protein  complexes.  Very  recently  a  methodology  for 
untangling  the  contributions  from  P^p  and  P^^  has  been  developed  [11,12].  It  is  based  on  "Franck- 
Condon  factor  narrowing"  of  intramolecular  vibronic  satellite  holes  which  build  on  the  origin  band 
hole. 

This  talk  assumes  little  knowledge  on  the  structures  and  dynamics  of  photosynthetic  units 
and  will  begin  with  an  introduction  to  the  subject  and  a  brief  review  of  current  unsolved 
problems.  By  way  of  model  calculations,  the  theory  for  spectral  hole  profiles  will  be  discussed  and 
then  applied  to  the  hole  spectra  of  P870  of  the  fully  deuterated  reaction  center  of  Rb. 
sphaeroides.  These  spectra  are  compared  with  those  of  the  protonated  reaction  center  and  the 
relevance  of  the  results  to  the  excited  state  structure  and  dynamics  of  the  special  pair  discussed. 
New  results  for  the  reaction  center  of  PS  II  will  be  presented  and  discussed  from  the  viewpoints 
of  energy  transfer  and  primary  charge  separation  kinetics  and  the  question  of  whether  or  not 
P680  is  a  "special  pair"  of  Chls  as  is  the  case  for  the  purple  bacteria.  The  talk  will  end  with  a 
discussion  of  what  spectral  hole  burning  has  revealed  about  excitonic  interactions  and  energy 
transfer  in  antenna  complexes. 
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MICROWAVE- INDUCED  HOLE  BURNING  OF  THE  638  NM  ZERO-PHONON  TRANSITION 
AND  FREQUENCY-DEPENDENT  DEPHASING  OF  THE  N-V  CENTER  IN  DIAMOND 

Max  Glasbeek  and  Eric  van  Oort 
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In  recent  years  the  microscopic  description  of  inhomogeneous 
broadening  of  electronic  transitions  of  chromophores  in  crystals  and 
glasses  has  attracted  much  interest  [1-3].  In  the  phenomenological 
model  proposed  by  Selzer  [1],  it  is  assumed  that  the  energies  of  the 
initial  and  final  states  involved  in  the  optical  transition  exhibit 
a  one-to-one  correlation.  In  an  alternative  approach  by  Lee  et  al 
[2],  the  two  states  are  considered  as  completely  uncorrelated.  Very 
recently,  a  more  general  microscopic  theory  has  been  presented  by 
Laird  and  Skinner  [3].  In  the  latter  theory  the  aforementioned 
models  are  obtained  as  limiting  cases.  So  far  relatively  few 
experiments  have  been  reported  which  focus  on  the  origin  of 
inhomogeneous  broadening. 

In  this  paper,  we  report  on  experiments  in  which  hole  burning 
of  the  optical  zero-phonon  line  of  the  chromophore  is  accomplished 
by  the  resonant  microwave  pumping  of  the  spin  transition  of  the 
probe  molecule  in  its  triplet  ground  state.  Using  a  narrow-band 
laser  in  the  optical-microwave  double  resonance  experiments,  it  will 
be  demonstrated  that  as  a  result  of  the  hole  burning  process 
additional  fine  structure  splittings  in  the  triplet  ground  state  can 
now  be  resolved.  A  variation  of  the  fine  structure  splitting  with 
the  laser  excitation  wavelength  indicative  of  site  selection  is 
reported.  On  the  other  hand,  the  inhomogeneous  broadening  of  the 
zero-field  ODMR  transition  of  the  molecular  probe  is  found  to  be 
insensitive  to  the  laser  wavelength.  It  is  discussed  that  the 
results  are  compatible  v’th  the  idea  of  a  partial  correlation  of  the 
energies  of  the  initial  ai;d  final  states  in  the  optical  transition. 

The  chromophore  studied  in  this  paper  is  the  nitrogen-vacancy 
(N-V)  center  in  diamond.  The  center  consists  of  a  substitutional 
nitrogen  atom  adjacent  to  a  carbon  vacancy  [4].  In  absorption  and 
emission  the  defect  gives  rise  to  a  zero-phonon  transition  peaking 
at  638  nm.  In  a  series  of  recent  studies  it  has  been  established 
that  the  defect  has  an  electron  triplet  spin  ground  state,  A  [5-7^. 
The  638  nm  zero-phonon  line  (ZPL)  is  attributed  to  a  "^A  t 
transition.  In  this  Letter  we  also  report  results  of  spin  coherent 
transient  measurements  of  the  diamond  N-V  center  under  conditions 
that  narrow-band  laser  excitation  near  its  638  nm  zero-phonon 
absorption  (rather  than  broad-band  excitation  as  in  previous  work 
(6,71)  is  applied.  A  major  result  is  that  the  irreversible  spin 
dephaslng  rate  (characteristic  of  the  homogeneous  line  width  of  the 
triplet  ground  state  spin  transition)  appears  to  depend  strongly  on 
the  laser  wavelength  used  in  the  double  resonance  experiment.  It  is 
discussed  that  the  frequency-dependent  dephasing  is  a  manifestation 
of  the  presence  of  microscopic  strain  in  the  crystal. 
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The  diamond  sample  was  the  same  as  used  In  previous  work  [5].  A 
description  of  the  optlcal-mlcrowave  experimental  set-up  Is  given 
elsewhere  [8],  The  experiments  were  performed  at  a  temperature  of 
1.4K.  In  most  narrow-band  excitation  experiments  the  laser  line 
width  was  about  60  GHz;  when  the  laser  width  was  limited  to  1  MHz 
the  observed  line  narrowing  phenomena  described  below  were 
essentially  similar  to  those  for  the  60  GHz  width  excitation, 
although  the  S/N  ratio  was  much  worse.  Laser  excitation  was  within 
the  638  nm  ZPL  (FWHM  «  900  GHz)  of  the  N-V  center  using  a  Coherent 
CR-590  dye  laser  pumped  by  a  cw  Ar*-ion  laser  with  50  mW  output 
power. 

Fig.  1  shows  characteristic  optically  detected  microwave 
resonance  (ODMR)  spectra  as  observed  in  zero  magnetic  field  for  the 
diamond  N-V  defect  using  broad  band  and  narrow-band  (~  60  GHz)  laser 
excitation  within  the  ZPL,  respectively.  The  observation  of  ODMR  is 
explained  as  follows  [6].  Optical  excitation  of  the  defect  gives 
rise  to  a  significant  spin  alignment  in  the  A  ground  state. 
Microwave  resonance  involving  the  A  spin  transition  influences  the 
population  distribution  of  the  ground  state  spin  levels  and  this  in 
turn  affects  the  net  number  of  N-V  centers  that  are  photo-excited  to 
the  fluorescent  E  state.  As  a  result,  by  scanning  the  microwave 
frequency  a  change  in  the  fluorescence  intensity  is  observed  when 
spin  resonance  among  the  ground  state  spin  levels  is  induced.  The 
splitting  of  the  ODMR  line  is  resolved  upon  narrow  band  laser 
excitation  only  (cf  Fig.  1).  As  detailed  recently  [9],  from  the 


Fig.  1 .  Phase-sens i t i vely 
detected  ODMR  of  the  N-V 
center  under  conditions 
of  (a)  broad-band  exci¬ 
tation  at  514  nm,  (b) 
narrow-band  exc i tat  ion 
at  637.8  nm.  Fluorescence 
detection  is  at  660  nm. 
T  =  1.4  K. 


Fig. 2.  Double  resonance  excitation 
spectrum  of  the  N-V  center,  when 
the  microwave  frequency  is  2880 
MHz.  Fluorescence  detection  is  at 
660  nm.  T  =  1.4  K. 
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anisotropic  behavior  of  the  splitting  in  the  presence  of  an 
externally  applied  magnetic  field,  it  could  be  proved  that  the 
splitting  reveals  a  lifting  of  the  local  axial  symmetry  (£  *  0).  The 
magnitude  of  the  £-splitting  appeared  to  change  linearly  with  the 
excitation  energy:  6|E|/6c  =  5.0.10  MHz,  where  e  is  the  strain.  The 
excitation  wavelength  dependence  of  the  2880  MHz  zero-field  ODMR 
signal  is  displayed  in  Fig.  2.  Remark  that  the  ZPL  now  consists  of 
positive  and  a  negative  part  and  a  microwave-induced  hole  in 
between.  Evidently,  the  narrow-band  excitation  experiments  allow  for 
the  photo-selection  of  subensembles  for  which  the  £-splitting  in 
the  ODMR  spectrum  is  not  masked  by  Inhomogeneous  broadening  effects 
arising  from  random  strain  (this  strain  being  responsible  for  a 
continuous  spread  in  the  value  of  the  fine  structure  £  parameter). 
Note  that  this  result  at  first  sight  seems  to  suggest  that  N-V 
centers  having  the  same  optical  transition  energy  also  seem  to  have 
preferred  £-splittings  or,  equivalently,  the  £-splitting  and  the 
optical  transition  energy  seem  to  be  correlated.  Such  a  result  would 
be  in  favour  of  the  model  put  forward  by  Selzer  [1]  and  is  never 
anticipated  according  to  the  model  of  Lee  et  al  [2]  (which  is  based 
on  a  multi-level  system  consisting  of  completely  uncorrelated 
energies).  However,  it  should  be  emphasized  that  the  subset  of  N-V 
centers  preselected  by  the  laser,  and  which  is  further  interrogated 
by  means  of  ODMR,  does  not  give  rise  to  a  line-narrowing  effect  in 
ODMR  in  proportion  with  the  laser  frequency  line  width.  On  the 
contrary,  the  inhomogeneous  line  width  of  the  £-spiit  ODMR 
transitions  invariably  differs  by  only  a  factor  of  about  three  from 
the  ODMR  line  width  obtained  under  broad  band  excitation  (10  MHZ 
versus  30  MHz),  even  if  the  laser  frequency  width  is  diminished  to  a 
few  MHz.  Thus,  despite  the  photo-selection  which  allows  the 
observation  of  an  £-splitting,  a  significant  inhomogeneous 
broadening  effect  still  remains.  This  result  qualitatively  fits  in 
the  model,  advanced  by  Laird  and  Skinner  [3],  implying  that 
correlations  between  the  absolute  energies  of  the  probed  molecules 
can  be  obtained  starting  from  a  microscopic  model. 

Optically  detected  spin  echo  decays  under  the  condition  of  cw 
narrow-band  optical  excitation  of  the  N-V  centers  were  also  measured 
[6].  The  observed  transients  fitted  a  mono-exponential  decay,  the 


Fig.  3.  ZPL  absorption  of 
the  N-V  center  in  diamond 
(solid  curve).  Dots  re¬ 
present  homogeneous  line 
width,  r,  as  determined 
from  optically  detected 
spin  echo  decay  measure¬ 
ments  at  T  =  1.4  K. 
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characteristic  phase  memory  time  being  strongly  dependent  on  the 
excitation  wavelength  of  the  laser.  In  Fig. 3  we  plot  the 
experimental  homogeneous  line  width  F  (=  l/irT  )  as  a  function  of  the 
laser  energy  used  to  optically  excite  the  defect.  The  ZPL  observed 
in  the  optical  absorption  spectrum  is  included  in  the  figure. 
Clearly,  the  variation  of  the  spin  dephasing  rate  constant  as  a 
function  of  the  excitation  energy  follows  the  shape  of  the  ZPL. 
Recently,  it  has  been  shown  that  for  the  diamond  N-V  centers  the 
irreversible  spin  dephasing  is  due  to  a  magnetic  dipolar  induced 
cross-relaxation  among  resonant  N-V  centers  [6,7].  The  random 
crystal  strain  will  cause  an  inhomogeneous  spread  in  the  zero-phonon 
optical  transition  energy  and  the  ODMR  transition  energy.  Optical 
excitation  within  the  ZPL  of  a  subset  of  defects  will  produce  in 
ODMR  the  response  of  a  preselected  subset  (see  above)  and  in  the 
spin  echo  decay  experiment  its  characteristic  dephasing  behavior. 
The  latter  will  be  strongly  dependent  on  the  spacing  between 
resonant  N-V  centers.  On  the  other  hand,  experimentally  we  find  that 
the  dephasing  rate,  and  thus  the  intercenter  spacing,  follows  the 
strain  distribution  profile.  Put  in  other  words,  the  concentration 
of  defects  is  highest  in  strain  fields  that  are  most  probable.  It 
follows  that  the  average  distance  of  resonant  N-V  centers  is  larger 
than  the  typical  correlation  length  of  the  strain  field  and  the 
results  of  the  spin  dephasing  measurements  therefore  provide 
evidence  for  the  presence  of  microscopic  strain  in  the  crystal  [10). 
The  observed  variation  of  the  optically  detected  spin  dephasing  rate 
with  the  excitation  energy  is  the  spin  analogue  of  the 
frequency-dependent  dephasing  rates  reported  for  a  number  of  optical 
transitions  [11-13]. 
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i'irst  preliminary  persistent  spectral  hole-burning  (PS)  IB)  investigations  of  dyc-molcculcs 
adsorbed  onto  the  disordered  surfaces  of  metal  oxide  powders  or  porous  glasses  '  ^  ’  indicated 
that  these  systems  seem  to  behave  quite  similar  to  doped  glasses.  I  hc  optical  absorption  is 
strongly  inhomogcncously  broadened  due  to  the  disorder  of  the  surface  and  at  1.5  K 
holewidths  in  the  1  cm  '  range  -  even  an  order  of  magnitude  broader  than  in  glasses  -  have 
been  reported.  In  the  following  we  will  give  a  short  summary  of  our  latest  more  detailed 
investigations  of  surface  adsorbed  dyc-molcculcs  which  on  the  one  hand  reaffirm  that  these 
systems  indeed  behave  in  many  respects  as  .1-1)  disordered  systems  hut  on  the  other  hand 
point  to  some  remarkable  specific  features  of  adsorbed  dyc-molcculcs. 

A  comparison  of  the  holcwidth  Phoio  of  two  systems  differing  in  the  type  of  bonding  to 
the  surface,  ('resyl  Violet  (('V)  physisorbed  to  y-alumina  and  Quini/arin  (0)  chemisorbed  to 
y-alumina  (.see  I'lg.l.a  for  the  proposed  adsorption  model),  suggest  that  Phoif  of  surface 
adsorbed  molecules  may  be  connected  with  the  strength  of  the  chemical  bond  between  the 
dye-moicculc  and  the  adsorbens.  P^m,  for  (*V/y-alumina  (0.85  cm  ')  was  found  to  be  the  same 
order  of  magnitude  as  for  other  physisorbed  molecules  hut  appreciably  broader  than  for 
Q/y-alumina  (0.015  cm  ').  One  possible  explanation  for  this  phenomenon  relies  on  the 
assumption  that  physisorbed  molecules  have  a  higher  mobility  on  the  surface  and  therefore 
tend  to  increased  spectral  diffusion.  Alternatively,  physisorbed  molecules  may  occupy  a  wider 
range  of  local  environments  and  sample  a  broader  distribution  of  Tl-S's  (two-level  tunneling 
systems)  leading  to  wider  spectral  holes. 

The  existence  of  surface  TI.S  mentioned  above  is  evidenced  by  the  temperature 
dependence  of  the  hole-burning  linewidth  riin=  rhoio/2  r„  which  was  measured  for 
C?/y-alumina.  The  phrase  hole-burning  linewidth  (Thm,.)  refers  to  the  possibility  that  spectral 
diffusion  may  contribute  to  Pm,  In  Pig. I.b  Pun  is  given  between  1.6  and  77  K. 


F/zb  [GHz] 
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I'or  the  inoment  wc  will  concentrate  on  the  I  range  hetween  1.6  and  IO  K  which  is  given 
enlarged  in  Fog. 2.  With  regard  to  the  inherent  disorder  of  the  y-alnniina  surface  wc  fitted  the 


Figure  2. 
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low  temperature  data  to  empirical  model  functions  successfully  used  to  describe  3-D  glassy 
systems,  I'irst  Pun  was  fitted  to  the  well  known  algebraic  power  law  given  in  Pq.l 

Pun  =  a  I  (1) 

which  yields  a  =  l.,3  in  many  organic  and  inorganic  systems  and  which  is  explained  by  the 
assumption  that  the  low  energy  excitations  specific  of  amorphous  materials  (TLS)  dominate 
the  excited  chromophores'  dynamics  at  low  temperatures.  From  the  best  fit  to  the 
experimental  data  we  derived  a  -  1..S,  The  data  can  be  slightly  better  approximated  by  Fq.2 

P,,n  =  a  'r +  b  cxp(- AF/k  f)  (2) 

as  was  seen  in  a  statistical  analysis  {x^  test)  of  the  data.  This  model  function  which  was 
introduced  by  .lackson  and  Silbey  ^  describes  the  dephasing  by  two  processes  whereby  the 
exponential  activated  contribution  is  attributed  to  coupling  of  the  electronic  excitation  to 
librational  modes  of  the  chromophorc  or  pseudolocal  glass  modes.  The  best  fit  to  nq.2  yields 
a  =  I  and  Ali  =  12  cm  '.  fhe  corresponding  fit  function  is  shown  in  Fig.2  where  also  the 
two  contributions  of  F,q.2  are  drawn  separately.  Independent  of  the  actual  correct 
approximation  (Fq.l  or  2)  this  investigation  clearly  shows  that  a  slowly  varying  f  dependence 
has  to  be  included  in  the  fitting  model  to  account  for  the  observed  glas.slike  dynamics  at  low 
temperatures.  Neglecting  contributions  from  the  bulk,  it  is  reasonable  to  assume  that  surface 
T1,S  in  >'-alumina  are  connected  with  the  wide  distribution  of  Oil  groups  known  to  exist  on 
the  surface. 

As  is  seen  in  Pig. I.b  it  was  possible  to  burn  stable  holes  even  at  T  >  77K  in 
Q/y-alumina.  Burning  of  stable  holes  at  liquid  nitrogen  temperatures,  which  may  be  of 
interest  for  frequency  domain  optical  storage  applications  ^  without  the  technological 
limitations  connected  with  storage  at  I  <  4.2  K,  seems  to  he  a  common  feature  for 
dye-molecules  adsorbed  on  metal  oxide  powders  as  it  was  also  observed  for  all  other  systems 


studied  as  c,g.  CV'y-alumina  or  Oxa/iuc  170  Silica  60.  I  liis  is  in  contrast  to  polymeric 
host-guest  systems  vvlierc  higli-  I  liole  burning  is  only  observed  uitli  specific  guest  molecules 
as  substituted  porphyrins  or  phtlialocyanins  '  and  c.g.  not  with  ('V  or  Q. 

I'o  burn  and  detect  stable  holes  at  I  >  77  K  several  criteria  must  be  met.  The  ratio  of 
the  inhomogeneous  to  the  homogeneous  lineuidth  should  be  -  I  and  therel'ore,  as  the 
inhomogeneous  width  is  nearly  independent  of  temperature  between  1.6  and  77  K,  (77 
K)  should  he  small  compared  to  1  I  urthermore,  as  a  very  important  parameter  the 

linear  electron-phonon  coupling  as  well  as  its  temperature  rlepeiulence  should  be  weak. 

In  I  ig.l.b  the  result  of  a  (it  of  r,,i>  between  1.6  and  77  K  to  the  model  function  in  r,q.2 
is  given.  Hereby  a  was  fixed  to  1..“'  and  All  to  87  cm  '.  I  he  latter  value  corresponds  to  the 
energy  of  a  weak  low  frequency  mode  seen  in  the  line  narrowed  lluorescence  spectrum  of 
Q/y-alumina,  fhe  result  suggests  that  at  I  -  .'<()  K  an  activated  process  induced  by  a  low 
frequenev  adsorbate  mode  begins  to  contribute  to  the  dephasing.  In  the  low  power  limit 
r'hnio  was  measured  to  he  1.*'  cm  '  at  77  K.  fhe  multiplexing  factor  m  [m  —  nnhnm  /  f  ( I  )J 
is  an  important  parameter  with  regard  to  frequency  domain  optical  storage.  With 
r,„h„„,  —  1000cm  '  and  rh„ic.(77K)"  l.Scm  '  wc  obtained  m  ^  67  which  is  inevitably  several 
orders  of  magnitude  lower  than  at  1.6  K  but  to  our  knowledge  higher  than  in  other  systems 
at  77  K.  In  I'ig.3  a  fluorescence  excitation  spectrum  of  Q'y-alumina  is  shown  with  three  holes 
burnt  at  77  K.  As  the  electron-phonon  coupling  is  weak  even  at  77  K,  the  /ero-phonon 
(ZIM.)  holes  are  not  mutually  influenced  by  their  phonon  siiiebands  (PSB). 


Figure  3. 

fluorescence  excitation  spectrum 
of  Q/y-alumina  between 
5300  and  5900  A  with  three 
spectral  holes  burnt  and  recor¬ 
ded  at  77  K  (Burning  conditions: 

P  =  12  mW/cm',  t  =  .500  s).  fhe 
inset  shows  an  enlarged  part  of  the 
spectrum. 


The  temperature  dependence  of  the  Debye- Waller  factor  '?i,(  1  )  was  determined  by  burning 
a  deep  hole  at  high  temperatures  (65  K)  and  measuring  the  area  of  the  /PI,  hole  at  lower 
temperatures  down  to  1.6  K.  By  lowering  the  temperature,  intensity  is  redistributed  from  the 
PSB  band  to  the  /PI,  thus  leading  to  an  increase  of  the  /PI.  hole  area  which  is  proportional 
to  an(  I  )  at  a  given  temperature.  In  I  ig.4.  the  normalized  hole  area  A"n  of  Q'y-alumina  as 


Figure  4. Normalized  hole- 
area  A/,. I  and  Dcbye-Wallcr 
factor  of|,  of  Q/y-alumina  (•) 
as  a  function  of  temperature, 
fhe  solid  lines  are  calculaterl 
by  I;q.3  using  the  indicated 
values  of  ha),,  and  S  =  0.37. 
Also  given  are  data  points  of 
different  porphyrin/polymcr 
systems  according  to  ref?. 
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a  function  of  temperature  is  shown.  With  an  estimated  (1.6  K  )  -  0.7  the  data  points  can 
also  he  scaled  with  regard  to  «!,(  !).  Also  given  in  I  ig.4  is  a  curve  calculated  from  I:q..3  which 
holds  if  only  one  low  energy  mode  (phonon)  dominates  the  linear  electron-phonon  coupling. 

a„(  T)  -=  cxp[  -  S  coth(fto>„/2kT)]  (3) 

S  (0.37)  is  the  Iluang-Rhys  factor  and  was  set  to  .30  cm  '  corresponding  to  the  energy 
difTcrence  between  the  peaks  of  the  ZPl,-atKl  the  PSB  hole.  Whereas  S  lies  in  a  typical  range 
of  systems  with  weak  linear  electron-phonon  coupling,  the  phonon  sideband  frequency 
is  much  higher  than  in  polymer  systems  (I'ig.4),  leading  to  a  weaker  temperature  dependence 
of  (3tp.  The  importance  of  h(i)„  is  demonstrated  by  the  curve  calculated  with  the  same  S  as 
above  but  h<n„  =  20  cm  '  which  is  typical  value  found  in  polymer  matrices.  The  data  points 
(□)  in  I'ig.d  arc  probably  due  to  a  smaller  S  in  this  particular  system. 

Summarizing,  we  have  shown  that  the  structural  disorder  of  the  surface  of  metal  o.xidc 
powders  as  y-alumina  is  reflected  in  the  dynamics  of  adsorbed  probe  molecules  at  low 
temperatures.  The  results  indicate  a  generally  weak  linear  electron-phonon  coupling  for 
adsorbed  molecules  which  allows  J’SIIB  at  f  >  77  K. 
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A  few  years  ago,  many  people  would  have  deemed  the  optical  observation  of  single 
molecules  nearly  impossible.  Yet,  new  experiments  at  room  [1]  and  at  liquid  helium  temperatures 
[2,3]  have  started  to  remove  this  psychological  barrier.  Several  applications  to  trace  detection  and 
sensing,  to  spectroscopy  of  localized  neighborhoods  and  to  optical  addressing  of  local  spots  in 
solids  may  now  be  envisioned.  The  purpose  of  this  presentation  is  to  show  that  single  molecules 
can  be  studied  at  helium  temperatures  by  means  of  a  fairly  simple  setup,  at  least  in  the  very 
favorable  case  of  pentacene  in  terphenyl  crystal.  We  thus  hope  to  stimulate  further  work  either  on 
this  model  system  or  on  more  difficult  ones  with  more  sophisticated  detection  methods. 

The  main  difficulties  in  dealing  with  single  molecules  arise  from  the  weakness  of  the 
signal.  During  the  long  accumulation  times,  the  molecular  resonance  frequency  must  be  fixed  : 

As  hole  burning  and  spectral  diffusion  will  interrupt  the  accumulation,  the  host-guest  couple 
should  be  chosen  so  that  both  processes  are  minimal. 

In  the  first  single  molecule  detection  experiments  [1],  Moemer  and  Kador  measured  the 
absorption  signal  of  a  single  pentacene  molecule  in  a  p-terphenyl  crystal  directly.  However,  the 
relative  absorption  signal  as  given  by  the  ratio  of  molecular  cross-section  to  beam  section  was  in 
the  range  10'^- 10'^,  and  strong  photon  noise  from  the  necessarily  weak  probing  beam  limited  the 
signal-to-noise  ratio,  even  with  the  highly  sensitive  difference  method  they  used.  This  situation 
can  change  in  next  years  with  the  advent  of  squeezed  light  and  twin-photon  sources  [4].  In  our 
study  of  the  same  host-guest  couple,  we  used  the  fluorescence  of  pentacene.  If  the  illuminated 
volume  is  small  enough,  a  single  molecule's  emission  dominates  Raman  scattering  and  residual 


Figure  1 :  Schematic  diagram  of  the  sample 
crystal  at  the  end  of  a  single-mode  optical 
fiber.  The  fluorescence  from  the  small 
excited  volume  is  collected  by  the  parabolic 
mirror  and  reflected  to  the  photodetector. 
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fluorescence  from  the  host  crystal.  The  selection  of  a  small  volume  of  crystal  was  achieved  by 
means  of  a  single-mode  optical  fiber  to  the  tip  of  which  a  sublimation-grown  crystal  was 
contacted.  The  excited  volume  was  about  200  pm^,  which  amounted  to  a  few  hundreds  of 
pentacene  molecules  at  the  low  concentration  used  (10*^^  mol/mol).  The  fluorescence  was 
collected  by  a  large-aperture  parabolic  mirror  inside  the  cryostat  (see  figure  1)  and  focused  on  the 
photomultiplier  tube  through  a  red-pass  cutoff  filter. 

The  fluorescence  excitation  spectrum  of  our  sample  is  shown  on  Fig.2B  in  the  region  of 
sites  Oj  and  O2  [5].  The  spectrum  is  compared  to  that  of  a  larger,  macroscopic  crystal  (a  few 
mm^,  with  a  concentration  of  about  10'^  mol/mol,  on  Fig.2A).  The  nearly  Gaussian  bands  of 
Fig.2A  resolve  into  sharp  peaks  of  individual  pentacene  molecule.s,  seen  as  dots  on  Fig.2B.  The 


i 


Figure  2  :  Fluorescence  excitation 
spectra  of  two  different  samples  of 
p-terphenyl  crystal  doped  with  the 
absorbing  impurity  pentacene. 
Spectrum  A  from  a  comparatively 
large  crystal  (a  few  mm3)  displays 
the  broad  inhomogeneous  bands 
Oj  and  O2,  corresponding  to  the 
many  possible  environments  of 
individual  molecules.  Spectrum  B  is 
from  our  small  sample  (see  Fig.l). 
Well  above  the  weak  background 
from  dark  counts  and  residual 
emission,  about  a  hundred  dots 
appear  at  frequencies  scattered 
over  the  inhomogeneous  profile  : 
due  to  the  limited  number  of 
molecules  sampled,  only  a  few 
environments  are  represented.  The 
dots,  which  are  not  resolved  at  the 
frequency  scale  of  the  figure,  are 
the  resonance  lines  of  single 
pentacene  molecules,  as  shown  on 
Fig.  3.  Different  peak  intensities 
may  be  due  to  different  positions 
within  the  Gaussian  exciting  beam. 
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signal/noise  ratio  is  sulTic  ieni  to  measure  the  Lorent/ian  profile  and  the  width  of  the  resonances. 
The  distribution,  intensity,  shape  and  width  of  the.se  peaks  are  consi.stent  with  their  attribution  to 
single  molecules.  However,  this  may  be  proven  definitely  by  looking  at  the  time-correlation 
properties  of  the  emitted  light.  Due  to  transitions  from  the  excited  singlet  to  the  metastable  triplet 
state,  the  fluore.scence  .signal  is  interrupted  by  dark  periods,  when  the  molecule  is  in  the  triplet 
state.  The  resulting  photon  bunching  cau.ses  the  correlation  function  of  the  tluorescence  to  decay 
exponentially  ;  taking  into  account  the  triplet  lifetime  of  pentacene  in  this  system  (40  jis  [5]),  the 
ob.served  correlation  is  compatible  only  with  a  single  molecule  [3]. 

The  measured  w  idths  of  single  molecule  peaks  ranged  from  10  to  20  MHz.  Figure  3 
shows  the  shape  of  one  of  the  broader  peaks  as  a  function  of  the  exciting  power,  from  70 
^W/cm*-  (bottom)  to  3  mW/cm^-  (top);  extrapolation  to  zero  power  yields  a  width  of  more  than 
20  MHz.  More  recently,  Moerner  and  Ambrose  [6,7]  found  a  much  lower  width  of  7.8  MHz, 
compatible  with  the  homogeneous  width  deduced  from  photon  echoes  measurements  [5].  We 
tentatively  attribute  the  di.screpancy  to  additional  broadening  of  the  resonance  of  our  molecule, 
probably  by  spectral  diffusion  proce.sses  such  as  those  investigated  in  [6] :  spectral  diffusion  can 
be  much  stronger  in  our  contacted  sample  due  to  cooling-induced  defects  than  in  the  unsupported 
samples  of  [6,7],  where  the  inhomogeneous  broadening  is  much  less. 


Figure  3  :  Shape  of  a  single  molecule's 
excitation  line  as  a  function  of  the 
exciting  pow  er  (from  bottom  to  top, 
approximately  70,  300,  700,  1500,  3000 
jj.  W/cm2).  The  lowest  spectra  are 
magnified  for  the  sake  of  comparison. 
Since  the  light  pow  er  is  rather  weak, 
the  triplet  is  not  saturated  and  the 
width  (about  20  MHz)  is  nearly 
independent  of  the  power,  while  the 
peak  height  still  increases  with  pow  er. 
The  homogeneous  width  expected  from 
photon  echoes  would  be  8  MHz.  The 
difference  could  arise  from 
spontaneous  (spectral  diffusion)  or 
photo-indure/l  motion  in  the  mnlenile  's 
remote  surroundings. 
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Single  molecule  peaks  can  he  studied  as  the  temperature  changes,  as  shown  on  Fig.4. 
Around  4  K,  the  activation  of  librations  [8]  starts  to  broaden  the  peaks  considerably,  but  even 
below  this  temperature,  different  behaviors  may  be  observed  on  different  molecules  as  Figure  4 
shows  :  here  the  line  labelled  "b"  broadens  between  1.8  K  and  3.5  K  while  line  "a"  remains 
narrow.  It  is  fair  to  assume  that  defects  in  the  local  surroundings  of  molecules  "a"  and  "b"  are 
activated  differently  as  the  temperature  is  rai.sed.  Other  possible  behaviors  will  be  discussed  in 
the  presentation. 


Figure  4  :  Temperature  dependence  of 
the  excitation  peaks  of  a  few  molecules. 
The  sample  underwent  a  thermal  cycle 
lasting  some  20  minutes  (from  bottom 
to  top),  while  spectra  were  recorded  at 
different  temperatures.  The  general 
shift  of  all  structures  is  a  pressure 
effect.  Between  1.75  K  and  3.3  K,  line  b 
is  seen  to  broaden,  whereas  the  lines  of 
the  other  molecules  remain  narrow. 
Moreover,  the  relative  positions  of  lines 
a  and  b  have  changed  after  the  cycle, 
which  is  an  evidence  of  activated 
spectral  diffusion. 
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OBSERVATION  OF  SPECTRAL  DIFFUSION  IN  SOLIDS 
USING  A  SINGLE  MOLECULE 

W.  P.  Ambrose,*  T.  Basche’  and  W.  E.  Moerner 

IBM  Research  division,  Almaden  Research  Center,  K95/801, 650  Harry  Rd, 

San  Jose,  CA  95120  Phone:  (408)  927-2426 

Recent  advances  in  high-efficiency  fluorescence  excitation  spectroscopy  of 
pentacene  in  p-terphenyl  crystals"' have  improved  the  signal  to  noise  ratio  for  the 
detection  of  single  pentacene  defects,  thus  confirming  single  pentacene  detection 

using  absorption  techniques.'^  Using  1-10  pm  thick  crystals,  tightly  focused  laser 
beams,  and  high  collection  efficiency,  background  emission  noise  is  significantly 
reduced  below  the  fluorescence  emission  rate  of  single  pentacene  defects.  To 
observe  single  molecules,  the  laser  is  tuned  out  into  the  wings  of  the  pentacene 
site  inhomogeneous  line  until  the  number  of  defects  per  homogeneous  linewidth  is 
less  than  1.  With  the  improved  detection  sensitivity,  we  have  observed  two  classes  of 
pentacene  defects  present  in  both  the  red  and  blue  wings  of  the  inhomogeneous  line: 
class  I  consist  of  stable,  time-independent  defects  with  lifetime  limited  homogeneous 
linewidths  below  4  K,  and  class  II  have  time  varying  resonance  frequencies. 

Figure  1  shows  a  time  sequence  of  excitation  spectra,  which  were  obtained  in  a 
fixed  laser  focal  spot.  The  spectra  contain  three  time-independent  class  I  peaks,  which 
form  stable  ridges  along  the  time  axis  near  -130,  -70,  and  +10  MHz.  In  the  0  to  150 
MHz  region  is  a  single  class  II  defect  whose  frequency  varies  from  one  scan  to  the 
next.  Indeed,  this  same  molecule  can  appear  several  times  in  the  same  2  min  laser 
scan,  or  almost  not  at  all.  Notice  that  in  the  same  ~  50  pm^  volume  of  crystal  and  at 
nearly  the  same  frequency  there  are  both  class  I  defects  as  well  as  spectrally  migrating 
class  II  defects.  We  broadly  use  the  term  "spectral  diffusion"  to  refer  to  the  changes  in 
resonant  frequency  that  occur  as  a  function  of  time  for  class  II  single  pentacene 
defects. 

When  the  laser  frequency  is  held  constant  near  a  time  varying  defect,  the  detected 
fluorescence  turns  on  and  off  discontinuously  as  the  molecule  spectrally  jumps  into 
and  out  of  resonance  with  the  fixed  laser  frequency.  Figure  2  shows  that  when  the 
excitation  power  level  is  varied  at  a  fixed  frequency,  the  rate  of  spectral  jumps  does  not 
appear  to  be  influenced.  The  mean  times  between  jumps  in  Fig.  2  (a)  and  (b)  of  80 
and  61  seconds  do  not  decrease  by  the  factor  of  5.3  increase  in  the  fluorescence 
excitation  rate.  Hence,  the  spectral  jump  rate  does  not  appear  to  be  influenced  by  the 
optical  excitation  rate  and  thus  cannot  be  regarded  as  a  light-induced  process  that  can 
produce  spectral  hole  burning.  The  change  in  resonant  frequency  for  class  II  defects 
appears  to  be  a  spontaneous  process  at  low  temperatures. 

The  absence  of  fluorescence  in  Fig.  2  only  means  that  the  defect  is  not  absorbing 
at  the  laser  frequency.  To  follow  the  shifts  in  resonance  frequency  directly,  we  scanned 
the  laser  frequency  more  rapidly  in  order  to  measure  the  spectral  position  of  the  defect 
at  1  to  3  second  intervals.  A  digital  waveform  recorder  locates  the  peak  in  each  scan 
and  records  this  resonance  frequency  as  a  function  of  time,  as  in  Fig.  3.  Figure  3  (a) 
shows  how  the  resonance  frequency  of  a  spectrally  jumping  class  II  defect  evolves 
with  time  at  a  fixed  temperature  of  4.18  K.  The  optical  transition  energy  appears  to 
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have  a  preferred  set  of  values  and  performs  spectral  jumps  between  these  values  that 
are  discontinuous  on  the  2.7  second  time  scale  of  the  measurement  in  Fig.  3. 

One  important  physical  measurement  that  would  help  to  identify  the  source  of  the 
spectral  diffusion  effect  would  be  temperature  dependence  of  the  jump  rate.  Pieces  of 
the  4.18  K  data  in  Fig.  3  (a)  are  expanded  in  Fig.  3  (b)  and  (c)  for  comparison  with  the 
shorter  trend  at  a  higher  temperature  of  5.77  K  (Fig.  3  (d)).  For  this  single  defect,  the 
residence  time  between  the  largest  jumps  is  80  seconds  at  4.18  K,  and  40  seconds  at 
5.77  K.  This  defect  was  confined  to  a  300  MHz  range  for  over  5000  seconds  at  4.18  K. 
At  5.77  K  the  spectral  range  initially  expanded  to  400  MHz,  and  after  the  800  second 
time  interval  shown  in  Fig.  3  (d),  this  defect  began  to  diffuse  rapidly  outside  this  range 
to  lower  frequencies,  and  became  confused  with  other  single  molecules. 

The  results  for  both  class  I  and  class  il  defects  does  not  support  the  observation  of 
spectral  hole-burning.  One  is  thus  led  to  consider  what  might  have  been  the  source  of 
spectral  hole  burning  observed  during  the  earlier  study  of  statistical  fine  structure 
(SFS)  for  pentacene  in  p-terphenyl.^  The  SFS  studies  utilized  the  powerful  absorption 
technique  of  FM  spectroscopy  to  observe  the  small  spectral  variations  near  the  center 
of  the  inhomogeneous  line  on  a  zero  background.  In  fact,  the  size  of  the  observed 
spectral  holes  even  after  extended  irradiation  were  on  the  order  of  1  part  in  1000  of  the 
total  absorption.  One  interpretation  of  this  result  is  that  of  all  the  pentacene  molecules 
with  center  frequencies  within  one  homogeneous  linewidth  of  the  laser  frequency,  only 
0.1  %  had  a  photoinduced  pathway  leading  to  changes  in  resonance  frequency. 

If  it  is  correct  that  only  0.1  %  of  all  molecules  can  participate  in  hole-burning,  then  in 
the  single  molecule  regime  one  might  expect  on  average  to  find  a  molecule  capable  of 
light  induced  resonant  frequency  changes  for  only  one  in  1000  molecules,  and  to  date, 
only  several  hundred  single  molecules  have  been  studied  in  detail.  It  is  therefore 
quite  possible  that  specific  single  molecules  will  be  found  that  clearly  undergo 
photoinduced  spectral  changes.  It  will  be  most  interesting  to  perform  detailed  studies 
of  the  local  environment  around  such  molecules  using  Stark,  stress,  Zeeman,  and 
other  perturbations  to  determine  the  symmetry  and  interactions  that  lead  to  spectral 
hole  formation. 

In  contrast  to  the  scarcity  of  single  molecules  able  to  undergo  hole-burning,  the 
appearance  of  single  molecules  of  pentacene  in  p-terphenyl  which  spontaneously 
change  resonant  frequency  with  time  is  much  more  common.  This  surprising 
observation  of  spectral  jumping  may  be  analogous  to  spectral  diffusion  processes  that 
play  a  crucial  role  in  the  physics  of  glasses  and  other  amorphous  materials.  Here,  the 
single-molecule  technique  allows  the  spectral  changes  to  be  followed  in  real  time  for 
only  one  center,  without  any  averaging  over  an  inhomogeneous  distribution  that  may 
obscure  the  effect.  The  spectral  changes  take  many  forms,  from  discontinuous 
jumping,  to  quasi-continuous  wandering,  to  creeping  towards  line  center  in  small 
discontinuous  jumps.  Also,  the  fraction  of  spectrally  diffusing  molecules  clearly 
increases  with  distance  from  the  center  of  the  inhomogeneous  line.  Thus,  the 
occurrence  of  class  II  defects  appears  to  be  associated  with  sites  that  have  some 
degree  of  local  disorder  so  that  the  local  strain  or  electric  field  is  far  from  the 
equilibrium  value. 

Since  the  resonance  frequency  of  a  single  molecule  in  a  solid  is  extremely 
sensitive  to  the  local  strain  (and  other  local  fields)  at  the  position  of  the  molecule,  the 
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spectral  jumps  may  occur  because  the  class  II  pentacene  molecules  are  coupled  to  an 
(unidentified  at  present)  set  of  degrees  of  freedom  in  the  nearby  host  crystal  that  are 
excited  at  1.5  K.  Further,  these  degrees  of  freedom  interact  with  phonons,  as 
evidenced  by  the  increase  in  jumping  rate  and  range  at  higher  temperatures. 
Unfortunately,  the  diversity  of  behavior  observed  has  made  a  detailed  determination  of 
the  temperature  dependence  of  questionable  value  at  this  time. 

Possible  sources  for  the  class  II  behavior  should  reflect  the  fact  that  it  is  connected 
with  disorder  in  the  crystal.  One  possible  source  for  the  effect  could  be  librational 
tunneling  of  the  central  phenyl  ring  of  the  nearby  p-terphenyl  molecules  about  the  p- 
terphenyl  molecular  axis.  The  spectral  diffusing  effects  reported  here  may  therefore 
result  from  discrete  librational  motions  of  the  central  phenyl  ring  of  p-terphenyl  driven 
by  phonon  assisted  tunneling  in  an  asymmetric  double  well  potential  that  has  become 
allowed  due  to  the  local  disorder.  Migration  of  He  atoms,  vacancies  or  anharmonic 
local  modes  may  also  occur  in  the  disordered  regions  of  the  crystal. 
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FIGURES 


Figure  1.  Single  pentacene  defect 
fluorescence  excitation  spectra  time 
dependence.  Upper  half;  wire  plot 
of  individual  spectra,  lower  half: 
contour  plot  of  same  data  obtained 
with  2  min  per  spectrum,  laser 
power  1.5  nW,  and  0  MHz  detuning 
=  592.539  nm.  The  appearance  of 
class  I  defects  at  negative  detuning 
and  class  II  defects  at  positive 
detunings  has  no  significance. 
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Figure  2.  Spectral  jump  rate  power 
independence.  Spectral  jumps  are 
observed  in  the  fluorescence  signal 
of  a  single  pentacene  defect  with  a 
fixed  wavelength  of  592.362  nm  at 
laser  powers  of  (a)  0.89  nW  and  (b) 
36  nW.  The  single  molecule 
emission  rate  increases  by  a  factor 
of  5.3  (the  (b)  ordinate  is  increased 
by  a  factor  of  5.3  for  comparison)  for 
the  factor  of  40  increase  in  excitation 
power;  however,  the  jump  rate  is 
qualitatively  unchanged. 


Figure  3.  Qualitative  increase  in 
spectral  jump  rate  with  temperature. 
Peak-frequency  trends  for  a  single 
class  II  pentacene  defect  near 
592.410  nm  wavelength  at  a 
temperature  of  4.18  ±  0.04  K  ((a), 
(b),  and  (c)),  and  at  a  higher 
temperature  of  5.77  ±  0.02  K  (d).  (b) 
and  (c)  are  the  0  to  800  second  and 
800  to  1600  second  sections  of  the 
data  in  (a)  expanded  for  comparison 
with  the  0  to  800  second  data  at 
5.77  K  in  (d).  Note  that  the  jump  rate 
for  the  largest  jumps  at  5.77  K  in  (d) 
is  nearly  twice  the  jump  rate  at  4.18 
K  in  (b)  and  (c). 
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Optical  Spectra  of  Single  Impurity  Molecules  in  a  Polymer; 
Spectral  Diffusion  and  Persistent  Speciral  Mole- Burning 

I  h.  Baschc  and  W.  li.  Mocrncr 
IBM  Research  Division,  Almaden  Research  Center 
650  Marry  Road,  San  Jose.  ('A  051  20  (408-027-2426) 


Recent  advances  in  the  optical  detection  and  spectroscope  ol  single  impurity  centers  in 
crystals  has  provided  the  possibility  of  obtaining  information  about  defect-solid  interactions 
on  a  truly  local  level.  I'or  the  system  composed  ol  pcntacenc  impurity  molecules  in  the 
crystal  p-terphenyl,  single  molecules  have  been  studied  using  both  absorption’  and 
fluorescence  excitation^  techniques  at  liquid  helium  temperatures.  The  superior 
signal-to-noisc  of  the  latter  technique  has  led  to  direct  observations  of  the  lifetime-limited 
borentzian  homogeneous  profile  of  a  single  pcntacenc  impurity’  as  well  as  the  surprising 
observation  of  spontaneous  spectral  difl'usion'’.  Spectral  dillusion,  or  changes  in  the 
resonance  frequency  of  an  impurity  molecule  with  time  as  a  result  of  low-cncrgy  excitations 
(two-level  system  transitions  (TI.S)),  is  generally  expected  in  amorphous  hosts.  Indeed,  the 
presence  of  TLSs  in  amorphous  solids  is  intimately  connected  with  nonphotochemical 
mechanisms  for  persistent  spectral  hole-burning  (I’SIIB)  in  amorphous  materials®'*.  Using 
perylene  impurity  molecules  in  poly( ethylene),  we  have  observed  the  optical  spectra  of  single 
molecules  in  a  polymeric  host  for  the  first  time.  At  1.5K,  individual  perylene  molecules  show 
the  expected  spectral  diffusion;  moreover,  we  observe  liL’ht-indiiccd  changes  in  resonance 
frequency,  i.c.,  persistent  spectral  hole-burning,  which  allows  one  to  envision  optical  storage 
on  the  single-molecule  level. 


Samples  were  prepared  by  predissolving  zone-rcitned  perylene  in  acetone;  mixing  with 
low-density  poly(ethylcne)  (PH)  powder  (2,5  %  crystallinity),  drying  at  50  C  for  30  min  under 
high  vacuum,  hot  pressing  by  hand  at  140-1.50  C  between  glass  slides,  and  quenching  to  77 
K  for  1  min.  The  resulting  10-20  /rm  thick  samples  had  excellent  optical  clarity  (low 
scattering),  little  or  no  aggregate  formation  as  tested  bv  low -resolution  optical  absorption, 
and  perylcne/Pi;  mass  ratios  of ‘1.5  x  10-’.  I  hc  samples  were  mounted  in  a  low-temperature 
optical  cryostat  at  the  joint  focus  of  a  lens  providing  the  excitation  beam  and  a  parabolic 
mirror  collecting  the  emitted  fluorescence  as  described  in  detail  elsewhere'’.  The  tunable 
excitation  la.ser  (^^  2-3  Mllz  linewidth)  used  I'V  pumping  of  Stilbenc  420  la.scr  dye  to 
generate  wavelengths  near  the  center  and  to  the  red  of  the  inhomogeneous  line  of  the 
perylene  (0-0)  S,  <-  S„  transition  in  I’li  (442-446  nm)  I  hc  emitted  (Inorcscence  was  long-pass 
filtered  with  a  Schott  KV,500  low-fluoresccntc  filter  to  leject  Ravlcigh  scattered  radiation. 
Fluorescence  excitation  spectra  were  obtained  by  scanning  the  dye  la.scr  and  recording  the 
red-shifted  fluorescence  with  a  (laAs  phototube  and  ;i  photf>n  counter. 


Figure  1.  Muorcsccncc 
excitation  spectra  of  various 
single  molecules  of  perylene 
in  poly(ethvlcnc)  at  1.5  K 


Laser  Frequency  (GHz) 
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By  tuning  the  laser  to  the  long-wavelength  side  of  the  inhomogeneous  line,  isolated 
single-molecule  spectra  are  easily  observed,  as  in  trace  (a)  of  I  igurc  1.  Moreover,  even  with 
low  laser  probing  intensity,  a  variety  of  linewidths  are  observeef  at  l..‘>  K,  as  shown  in  traces 
(a)-(O-  The  observed  linewidths  range  from  .‘>2  +  2  Mil/  in  trace  (a)  to  142  +  5  MHz  in 
trace  (f),  and  all  these  values  are  larger  than  the  lif'ctimr-limiicd  width  of  23.4  MHz.  The 
different  linewidths  occur  without  correlation  witli  position  relative  to  the  center  of  the 
inhomogeneous  line  and  without  correlation  with  the  probing  intensity.  In  fact,  trace  (a) 
of  Figure  I  was  recorded  with  the  highest  probing  power  of  ')  tiW  (in  a  ~  5  ^m  diameter 
laser  focal  spot).  It  appears  that  spectral  diffusion  on  the  Mil/  scale  is  occurring  during 
the  2  s  required  to  measure  the  lineshape.  In  addition,  there  may  be  a  pure  dephasing 
(nondiagonal)  contribution  to  the  width  at  this  temperature  due  to  the  ILS  transitions 
present  at  1.5  K;  however,  in  the  standard  model,  this  contribution  to  the  width  is  generally 
assumed  to  be  the  same  for  all  molecules.  In  addition  to  the  range  of  linewidths,  we  also 
observe  spectral  diffusion  which  appears  as  discontinuous  jumps  in  resonance  frequency  on 
the  scale  of  several  hundred  MHz  between  or  during  the  25  s  laser  scans  in  a  fashion  similar 
to  the  previous  work  on  pcntacene  in  p-terphenyH. 

Usually,  persistent  spectral  hole-burning  (PSHB)  in  solids  refers  to  optical  modification 
of  an  inhomogeneous  line  where  the  number  of  centers  in  rcsimance  is  much  greater  than 
one.  Due  to  photochemical  changes  in  the  excited  centers  or  to  photophysical 
(nonphotochemical)  alterations  in  the  nearby  host,  a  narrmv  spectral  "hole"  or  dip  can 
develop  because  the  altered  centers  no  longer  absorb  at  the  laser  wavelength.  (By  definition, 
"persistent"  requires  that  the  alteration  persists  longer  than  any  excited  state  lifetime.)  In  the 
single-molecule  regime,  however,  only  the  isolated  homogeneous  absorption  profile  of  a  single 
center  is  present.  When  photochemical  or  photophysical  changes  occur  as  a  result  of  optical 
excitation,  the  resonance  frequency  of  the  .single  molecule  may  move  far  away  from  the  laser 
scan  range,  that  is,  the  absorption  line  simply  disappears. 


Figure  2.  Fluorescence 

excitation  spectra  of  a  single  molecule 

showing  PSHB.  See  text  for  description 
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Figure  2  shows  an  example  of  persistent  spectral  iiolc-hnrning  (or  a  single  peryicne  molecule 
in  Pr*.  The  molecule  was  deliberately  chosen  to  have  liltlo  spnni ancons  spectral  jumping  from 
one  resonance  frequency  to  another.  Before  the  trace';  '.houii  in  the  figure,  the  molecule 
was  scanned  times  and  no  significant  changes  were  observed.  I  rates  (a),  (b),  and  (c)  show 
three  additional  scans  of  the  molecule.  After  trace  (c).  the  l.iscr  was  tuned  into  resonance 
with  the  molecule  using  the  scanning  power  of  0  nW;  within  30  sec  the  size  of  the  emitted 
fluorescence  suddenly  dropped  to  the  background  level  indicating  hole-burning.  I’race  (d) 
was  then  acquired,  which  shows  that  the  resonance  lrc(]uencv  shifted  by  more  than  +  1.2.5 
GHz.  as  a  result  of  the  light-induced  change.  ,A  further  scan  some  minutes  later  (trace  (c)) 
showed  that  the  molecule  surprisingly  returned  to  the  origin.il  wavelength  within  10  MHz. 
Further  scans  (traces  (f)  and  (g))  revealed  no  further  changes  in  resonance  frequency.  After 
trace  (g),  the  laser  was  again  tuned  into  resonance  until  the  lluoresccnce  dropped;  a  final  scan 
(trace  (h))  showed  that  the  molecule  was  again  absent  from  the  range  of  the  laser  scan. 

To  provide  more  evidence  that  the  persistent  spectral  hole-burning  process  shown  in  Fig. 
2  is  laser-driven  and  not  very  slow  serendipitous  spectral  diflusion,  studies  of  the  kinetics  of 
the  process  were  performed.  Figure  3  shows  time  scans  with  a  fixed  laser  frequency.  In  trace 
(a),  the  la.ser  was  tuned  into  resonance  with  the  molecule  in  the  first  10  s  at  a  power  level 
of  4. .5  nW.  The  eventual  drop  in  resonance  frequenev  is  the  hole-burning  event;  the  return 
of  the  emitted  fluorescence  indicates  that  the  molecule  h.is  returned  to  the  original 
wavelength,  only  to  be  burned  again,  and  so  on.  In  ti.ice  (b)  (d  the  figure,  the  laser  power 
level  was  increased  to  27  nW;  now  the  time  in  resonance,  although  stochastic,  is  clearly 
shorter.  This  indicates  that  the  average  rate  of  PSIIB  fin  this  peryicne  impurity  in  PF 
increases  with  laser  power.  Additional  studies'"  on  a  variety  of  single  molecules  at  a  variety 
of  laser  power  levels  over  many  thousands  of  seconds  of  observation  yields  a  confirmation 
of  this  power  dependence.  liven  though  the  actual  burn  and  return  times  are  stochastic,  the 
average  burn  time  for  one  center  decreases  with  increasing  l.iser  power,  while  the  average 
return  time  is  uncorrclatcd  with  laser  power. 


Figure  3.  'l  ime  dependence  of  emitted  fluorescence  at  (;i)  low  power  and  (b)  high  power. 
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The  generally  accepted  model  for  persistent  spectral  hole-burning  of  impurity  molecules 
with  no  photochemistry  in  amorphous  hosts’*  involves  transitions  among  ITS  near  the 
impurity  as  a  result  of  the  optical  excitation,  while  spontaneous  (phonon-assisted)  transitions 
of  TLvS  far  from  the  impurity  affect  the  dephasing  or  optical  linewidth.  Since  a  transition 
of  a  I'LS  near  the  impurity  should  produce  a  large  change  in  the  local  strain  field,  the 
resulting  shift  in  the  optical  resonance  frequency  shouUi  be  large,  while  frequency  shifts  from 
distant  TLS  produce  small  frequency  shifts.  Our  data  prnviilc  direct  evidence  for  this  picture, 
since  the  spontaneous  spectral  diffusion  occurs  over  a  small  freciuency  scale  on  the  order  of 
10-500  MHz,  while  the  shifts  from  PSIIB  are  much  larger.  1  he  return  of  the  optically  excited 
center  to  exactly  the  same  wavelength  in  I-'ig.  2  is  surprising,  since  it  suggests  that  coupling 
to  exactly  one  nearby  [  LS  is  involved  in  the  hole-burning  process.  If  this  is  true,  the  single 
impurity  molecule  may  serve  as  a  direct  probe  of  a  single  1 1  S 

The  ability  to  optically  modify  the  absorption  ol  single  impurity  centers  in  a  solid  leads 
naturally  to  the  pos.sibility  of  optical  storage  at  the  sinplc-molcculc  level.  Once  could  imagine 
a  very  thin  layer  of  a  material  with  a  very  broad  inhomogeneous  line  so  that  single  molecules 
are  isolated  and  spread  over  a  large  range  of  frequency  sp.icc.  fhe  resonance  frequencies 
constitute  the  addresses  of  all  the  bits  to  be  encoded  in  a  single  focal  volume.  A  binary 
sequence  of  "r''s  and  "0"'s  can  be  produced  by  altering  or  ignoring  each  single  molecule 
adsorption.  Of  course,  to  achieve  areal  density  higher  than  current  persistent  spectral 
hole-burning  .schemes,  a  method  of  producing  optical  beams  much  smaller  than  the 
diffraction  limit  must  be  utilized.  This  concept,  while  highlv  speculative  at  the  pre.sent  time, 
provides  several  advantages  and  disadvantages.  Among  the  advantages  arc  the  extreme  areal 
density  (up  to  perhaps  10'*bits/cm^)  and  the  greatly  increased  signal  from  each  molecule 
resulting  from  use  of  sub-diffraction-limitcd  beams  (the  SNR  scales  as  JoPjA  ,  where  a  is 
the  peak  absorption  cross  section,  P  is  the  laser  power,  and  A  is  the  beam  area.  Some 
disadvantages  are  the  required  low  temperatures,  stochastically  variable  burning  times,  and 
variable  frequency  locations  of  the  individual  bits  from  laser  spot  to  laser  spot.  Nevertheless, 
the  single-molecule  persistent  spectral  hole-burning  reported  here  not  only  provides  a  unique 
window  into  photophysics  of  the  amorphous  state,  but  it  .ilst>  allows  such  novel  optical 
storage  schemes  to  be  contemplated. 
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ABSTRACT  Cross  sahiration  characterisfics  are  investigated  in  broadband  1 .48/(n)  pumped  and 
980nm  pumped,  gain-shaped"  EDFAs.  "Gain-shaping*  is  shown  to  give  a  more  uniform  spectral 
gain  compression  on  saturation.  In  addition  room  temperature  spectral  gain  hole-burning  is 
observed  for  the  first  time. 

INTRODUCTION  One  of  the  major  applications  of  erbium-doped  fibre  an^Iiifers  (EDFA)  is 
likely  to  be  in  WDM  sysiems^  In  llils  case  it  is  desirable  to  flatten  and  maximise  die  gain 
bandwidth  of  the  EDFA.  To  date  two  techniques  have  been  employed,  either  by  the  use  of  a 
pump  wavength  of  ~  1 .48^m  combined  with  careful  choice  of  pump  power  and  fibre  length’  or 
by  "gain-shaping",  incorporating  an  optical  fitter  in  the  middle  of  the  amplifier’.  Applied  to 
eidier  almuino-silicate,  getiitaiio-aluiiiiiiu-siliuale  or  ZBLANr*  EDFAs  results  In  MB  gain 
bandwidths  of  ~3Snm.  In  addition  it  is  important  to  understand  and  optimise  the  cross 
saturation  characteristics  of  the  EDFA.  Thus  the  numbei'  of  WDM  diaiuiels  can  be  maximised 
whilst  the  gain  penalty  for  each  channel  and  interchaiuiel  crosstalk  effects  are  minimised 

In  this  p^er,  we  report  an  efficient,  1.48pm  diode  pumped  fibre  amplifier.  The  use  of 
a  germano-alumino-silicate  erbium-doped  fibre  aswell  as  careful  choice  of  pump  power,  pump 
wavelength  and  fibre  length  creates  an  amplifier  characieiiscd  by  a  25dB  gain  and  35nm  3dB 
bandwidth  for  only  15mW  of  pump  power.  Cross  saturation  characteristics  arc  investigated  for 
saturating  signals  at  various  wavelengths  across  die  gaut  band  and  diffciciil  pump  powers.  In 
general  the  gain  spectrum  decreases  non-uniformly,  with  shorter  wavelengths  suffering  the  largest 
penalty.  In  addition  saturation  characteristics  show  llulc  dependence  on  the  saturating 
wavelength,  only  small  spectra!  gain  hole-burning  is  observed  confirming  the  near  homogeneous 
nature  of  the  erbium  transition  in  gei'iiiano-tfluiriinu-siticale  glass.  Comparison  with  similar 
results  for  a  "gain-shaped",  980nm  pumped  EDFA  shows  this  to  be  a  preferable  technique 
yielding  a  more  uniform  decrease  in  gain  spectrum. 

EXPERIMENTAL  The  amplifier  consisted  of  35m  of  germano-alumino-silicate  erbium-doped 
fibre  which  woo  characterised  by  an  Er*'*' -doping  level  of  —  ICQppm,  a  NA  of  0.2  and  K^^if  ai 
930nm.  The  signal  source  was  an  ELED  which  allowed  measurement  of  gain  spectra  between 
1.52/tm  and  1.57pm.  Its  power  was  maintained  to  be  less  than  200nW  within  the  gain  band  of 
El’*,  thus  ensuring  small-signal  operation.  A  further  signal  from  either  a  DFB-LD  or  a  tunable 
external  cavity  LD  was  mixed  with  the  probe  signal  through  a  3dD  fibre  coupler.  This  large 
signal  was  sufficient  to  saturate  the  amplifier  and  permitted  the  measurement  of  spectral  gain 
under  saturated  conditions*.  Pump  light  at  —  1.485pm  was  obtained  from  2  diode  lasers.  Tliis 
was  combined  with  the  two  signals  via  a  dichroic  fibre  coupler  and  injected  into  the  amplifier 
fibre.  All  free  fibre  ends  were  angle  polished  to  suppress  optical  feedback. 

The  amplifier  output  was  coupled  to  a  monochromator  and  detected  with  lock-in 
techniques  to  allow  discrimination  of  the  broad-band  (ELED),  saturating  signals  (DFB  or  tunable 
laser)  and  ASE  by  virtue  of  their  different  modulation  frequencies.  Output  spectra  were  obtained 
for  various  pump  powers,  under  both  small-signal  and  saturated  operation  and  for  several 
wavelengths  of  saturating  signal.  At  the  end  of  experiments,  the  fibre  was  cut  back  and  spectrum 
of  the  broad-band  (ELED)  signal  measured  such  that  die  gain  spectrum  could  be  obtained 
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The  effect  of  CO^laser  focused  radiation  (the  wave  length  of  10.6 
jum,power  density  of  10  -10  W/cm^)  on  melted  quartz  and  silica  contained 
minerals  -  nepheline  KNa^  [AlSiO^  /^,  microcline  KfAlSi^  Og],  kaolinite  Al^ 
,etc.,  has  been  investigated.The  materials  mentioned  above  undergo 
the  laser  radiation  in  the  low  frequency  rang  of  ungomogeneously  broadened  infra 
red  absorption  line  of  asymmetric  valent  Si-O-Si  vibrations. 

Infrared  spectra  of  irradiated  samples  and  those  of  sublimate 
demonstrate  the  phenomena  of  irreversible  spectral  line  “burning 
out“,Le.absorption  coefficient  decrease  over  the  range  of  laser  radiation  frequency. 
The  spectral  line  laser  “burning  out“  phenomena  have  been  observed  as 
characteristic,  “step“  on  the  low  frequency  range  of  Si-O  valent  vibrations 
intensive  band  arui  as  absorption  coefficient  decrease  on  the  frequency  of  laser 
radiation  (943  cm'^  )  /l,2/.In  analogous  experiments  made  for 
nepheline, kaolinite  and  others  silica  contained  minerals  also  the  absorption 
decrease  in  infrared  spectrum  of  irradiated  samples  zones  has  been  observed  /3/. 
Both  the  absorption  spectra  of  thennal  melts  (usually  and  sun  melted)  of  the  same 
samples,  prepared  for  comparison  and  those  of  vacuum  ouncaled  laser  melted 
samples  have  not  shown  such  a  decrease. 
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Different  types  of  laser  and  nonlaser  thermal  source  action  indicate  the 
specific  laser  action  on  silica-contained  minerals  -  by  laser  action,  instead  of 
thermal  heating,  selective  destruction  of  Si-O  covalent  bond  occurs. 

To  concretize  the  mechanism  of  this  bond  destruction  the 
electron  spin  resonance  (ESR)  investigation  of  quartz  irradiated  by  CO^  laser 
has  been  made.ESR  spectra  of  crystallic  powder  (particle  size  of  10-100  fan)  before 
and  after  irradiation  at  the  room  temperature  have  been  re^rated.  Irradiation  of 
10.6  fan  lead  to  appearance  of  intensive  wide  asymmetric  line  (sH  =  90mT, 
g=  15)  and  more  slight  narrow  line  on  the  right  side  of  wide  line  with  g  =  1.943; 
H  =  328  mT.  The  time  behaviour  of  wide  line  indicates, that  this  line  is  connected 
with  appearance  of  paramagnetic  centers  on  the  surface  of  powder  particles. 
The  narrow  line  may  be  identified  with  paramagnetic  center  =  Si-O^’Si  =  ,  of  =Si- 
O-Si  s  bonds.  The  destruction  of  these  bonds  leads  to  appearance  of  nonbridging 
oxygens  to  change  of  Si-O  vibrations  frequency  forming  thetausing  of  absorptions 
at  the  laser  action  frequency.  Thus,  the  observed  spectral  line  “burring"  is 
obviously  caused  by  nonequillibrium  heating  and  resonant  selective  destruction 
of  solid  covalent  bonds,  and  this  provides  “clearing"  of  matter  at  the  laser 
action  frequency. 
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